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ABSTRACT
Effects of boundary parameters on the Work-Based Window
(WBW) and Not-to-Exceed (NTE) in-use emissions quantification
methods
Rasik Premnath Pondicherry
Heavy-duty diesel engines are subjected to in-use emissions testing using portable emissions
measurement systems (PEMS) to demonstrate compliance with U.S. EPA emissions standards
while the vehicle is performing its regular on-road duty-cycle. The current methodology used for
analyzing in-use emissions in the United States is the Not-To-Exceed (NTE) method and in Europe
the Work-Based-Window (WBW) method. The primary objective of this study is to identify the
sensitivity of the control factors governing both in-use emissions quantification methods, and
range of optimum boundary parameter settings to maximize the amount of data available for
evaluation while reporting representative NOx emissions. A total of 6 datasets provided by
different engine manufacturers were analyzed, comprising data from 2 pre-2010 and 4 post-2010
U.S.EPA emissions complaint engines.
The study found that the engines investigated had difficulties in continuously meeting the NTE
operational characteristics during in-use emissions testing. One of the reason was that a large
amount of test activity data was eliminated due to the thresholds defined by the NTE method.
Contrary to the NTE method, the WBW method analyzes the entire range of engine operation by
integrating the power produced by the engine during the test into multiple work-based windows.
However, WBW method also eliminates a certain amount of data from evaluation when the
minimum average window power is below the threshold prescribed by the European Union
regulations.
A screening design approach was used to develop a fractional factorial test matrix that explored
the interaction and combined effect of extended boundary parameters. The results showed lower
window-averaged bsNOx emissions and a maximum number of valid windows for the WBW
method when the boundary parameters were expanded to include reference work in the range of
one to two times the work produced over an FTP cycle, exhaust gas temperature threshold in the
range of 200°C to 225°C, and a minimum average power threshold between 15% to 22.5% of
maximum engine power. For the NTE method, expanding the control area to 15% of the maximum
torque and power threshold, while maintaining the speed threshold at the default set point and
reducing the exhaust temperature threshold to 150°C, increased the number of NTE events and
bsNOx emissions by 87% and 24%, respectively. For both the WBW and the NTE methods, bsNOx
emissions of optimal boundary parameters for post-2010 MY engines were within the U.S.EPA
2010 emissions standards. It is important to mention that the results presented in this study are
valid only for operational characteristics representative of dominant highway operation due to the
limited availability of in-use datasets.
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1 Introduction and Objectives
1.1 Introduction
Heavy-duty diesel (HDD) engines produce exhaust emissions that affect the environment and
human health. Stricter emissions regulations led engine manufacturers to adopt advanced
aftertreatment control and implement engine control strategies that minimize oxides of nitrogen
(NOx) and particulate matter (PM) emissions without adversely affecting the engine performance
[1]. Several studies found that engines were emitting higher NOx emissions during on-road
operation compared to results based on test cell evaluation [2]. Thus, it is required to measure
engine emissions when the vehicle is performing its regular on-road duty-cycle operation [3].
However, this is not possible without the development of methodologies that standardise the
evaluation of in-use emissions irrespective of the test route and type of driving.
In 1998, U.S. EPA identified that some of the HDD engine manufacturers were using engine
control strategies that improved fuel economy that met emissions certification requirements during
the Federal Test Procedure (FTP) but produced higher concentrations of NOx emissions under
certain driving characteristics (i.e., stabilized highway driving operation) during real-world driving
operation. This led to a milestone settlement between seven HDD engine manufacturers and U.S.
Environmental Protection Agency (EPA), which resulted in consent decrees with each engine
manufacturer for encroachment of Clean Air Act (CAA). The consent decrees led to the
introduction of in-use emissions measurement and compliance testing to evaluate emissions from
real-world driving operation. This testing was implemented in addition to FTP and SET
certification tests to ensure that the engine is within emissions standards throughout the useful
compliance life [4–9].
As a part of the in-use program of consent decrees, West Virginia University (WVU) was
contracted to develop a portable emissions measurement system (i.e., called as MEMS) and to
perform in-use emissions testing of different engine configurations ranging from MY 1994 to MY
2003. The in-use emissions testing was conducted in four different routes. It was based on test and
route protocols that were representative of typical HDD operation developed by WVU in
collaboration with the settling HDD engine manufacturers [10-11].
The Not-To-Exceed (NTE) region emissions- quantification method was developed to assess
in-use emissions over a wide range of engine operation. The control area (blue area in Figure 1.1)
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beneath the torque curve of the engine is the region above 30% of peak torque and rated power,
and above the speed threshold (n15). Emissions are quantified by averaging the mass of the
pollutants measured over a period of minimum 30 seconds, then compared to the NTE emissions
standards to pass the compliance test [12-13]. Further detailed explanation of the method is
discussed in section 3.2.

Figure 1.1: NTE region as a function of engine speed and maximum Torque Curve [1]
Compared to lab grade flow and emissions measurement devices, a portable emissions
measurement systems (PEMS) has a lower measurement accuracy due to the variations in ambient
conditions during the in-use emissions test. As a result, a measurement allowance factor is added
to balance the influence of inaccuracies that may occur during in-use emissions measurements [1].
A continuous moving average window (MAW) was an alternative approach used to quantify
in-use emissions of light- and heavy-duty diesel engines due to concerns regarding the
implementation of the NTE method. Specifically, the concerns were related to the limited amount
of data used by the NTE method to analyze in-use HDD emissions. Based on the continuous
development of the evaluation techniques, in-use emissions testing is currently used as a type
approval for HDD engines in Europe [14]. The MAW evaluation method acquires engine
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parameters and emissions data within a work-based window that is generated over the
accumulation of a predefined target work. The averaged emissions measured within all windows
should meet the conformity factor requirements to pass the compliance test [15]. Further detailed
explanation of the method is discussed in section 3.1.
Preliminary findings from studies under the consent decrees found that it is difficult for a HDD
engine to remain in the NTE zone during real-world driving operation for a minimum period of 30
seconds. This not only results in less data availability for emissions evaluation, but may also not
be representative of real-world emissions produced by HDD trucks. For example, a major concern
had been raised regarding the actual percentage of engine operation below 30% of rated power
which produced significantly higher NOx levels [16]. As current NTE thresholds discard a large
portion of engine operation from evaluation, the NTE results may not always report representative
emissions, which would reduce the measurement validity.
Consequently, it is of great importance to identify the sensitivity of the key factors governing
the in-use quantification methods and their influence on the method’s results. The goal of this
study is to understand the significance of the current thresholds and to identify the range of
boundary parameters governing the methods that would increase the amount of data acquired for
evaluation.

1.2 Objectives
The goal of this study was to evaluate the effects of boundary parameters on the results of the
WBW and NTE methods. Specifically, a parametric investigation was performed on a limited set
of heavy-duty in-use testing (HDIUT) datasets. These datasets, acquired from 6 HDD engines
under a majority of highway driving operation, were provided by several engine manufacturers.
The first objective was to evaluate the sensitivity of the method thresholds (i.e., boundary
parameters) and to identify the optimum threshold combination that would increase the amount of
data available for emissions evaluation. The second objective was to observe the effect of this
optimum threshold combination on NOx emissions in order to evaluate the efficiency of the SCR
aftertreatment system for post-2010 engines.
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2 Literature Review
HDD engines are recognized for their high power, low-end torque, high fuel efficiency, and
durability. HDD engines are used in a wide range of applications, ranging from Class 8 tractors
(buses, trucks) to vocational vehicles such as tow trucks, garbage trucks, refrigerated trucks and
cement trucks. As a result, vehicles powered by HDD engines transport approximately 90% of the
nation’s freight tonnage on the road today [17]. The usual HDD truck has a gross vehicle weight
rating over 33,000 lbs and a diesel engine with a power greater than 250 HP [18].
According to U.S. truck vehicle-in-use data, there were approximately 9.1 million fleet
operated trucks in the United States in 2014 [18]. The combustion process of diesel engines is a
significant source of NOx and particulate matter (PM) emissions. Elevated levels of NOx emissions
from diesel combustion are the results of the high combustion temperatures. PM emissions are
formed predominantly from incomplete combustion of rich fuel-air composition of engine-out
emissions [19]. The composition of engine-out emissions depend on the physiochemistry of the
fuel, ambient conditions, engine speed, and engine load [20]. The large number of HDD vehicles
and their extensive operation has led to stringent emissions standards enforced by federal
emissions regulators in the U.S. to control air pollution [21]. Research studies has found evidence
of human health effects due to long-term exposure of exhaust pollutants [22]. Due to observed
effects on air quality and human health in the last decades, the levels of emissions standards
periodically decreased. This has led to further development in advanced combustion strategies and
aftertreatment technologies to reduce NOx and PM emissions without potentially affecting engines
efficiency [1].
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Figure 2.1: U.S EPA NOx Emissions Standards for On-Road Heavy-Duty Diesel Engines
(Rework of [23])
Since the introduction of emissions regulations for on-road HDD engines in the U.S., there has
been a significant decrease in the levels of regulated emissions such as unburnt hydrocarbons (HC),
carbon monoxide (CO), NOx and PM emissions. Figure 2.1 shows how more stringent U.S.EPA
standards dramatically decreased NOx emissions. For example, modern diesel engines emit
approximately 99% lower NOx emissions than engines sold in model-year 1985 [21].

2.1 Emissions Regulatory History
The Air Pollution Control Act of 1955 was one of the initial steps taken by the U.S.
government to address the emerging problems associated to air quality, but the act did not result
in vehicle emissions regulations. The act assigned federal funds to provide technical assistance for
research involved in investigation of sources of air pollution. The act had no provisions for the
federal government to fine the polluters [24]. This was the first act that made the citizens and
policy makers aware of the hazards of air pollution. The Air Pollution Control Act was the outcome
of research performed on fuel emissions by the federal government in the 1930’s and 1940’s.
The first federal legislation associated to the control of air pollution in the United States was
the Clean Air Act (CAA) of 1963. It was a specialized federal program supervised by the U.S.
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Public Health service. The act was mainly involved in identifying methods to monitor and reduce
air pollution. Further, the Air Quality Act was established in 1967 by the U.S. Congress to improve
atmospheric air-quality. It authorized additional research studies focused on monitoring air quality,
maintaining emissions inventory and emissions control strategies. This act also authorized
enforcements procedures involving interstate air pollution standards [24]. In 1967, California was
the first state which began to enforce emissions regulations on vehicles. The state reacted against
air pollution when it first noticed degradation of air quality in the metropolis of Los Angeles [25].
The Clean Air Act extension of 1970, enforced the establishment of federal and state emissions
regulations applicable to both stationary and mobile sources including on-and off-road highway
vehicles. Specifically, the act established four major regulatory programs affecting stationary
pollution sources. The programs initiated under the act were: National Ambient Air Quality
Standards (NAAQS), State Implementation Plans (SIPs), New Source Performance Standards
(NPSS), and National Emissions Standards for Hazardous Air pollutants(NESHAPs). To
implement state and federal emission regulations, the U.S EPA was established on December 2,
1970, which led to the formation of first nationwide emissions regulations for HDD engines [24].
Since the establishment of the Clean Air Act of 1970, two amendments were implemented to
the act. In 1977, major amendments were added to the CAA. The primary concerns of the
amendment were provision of Prevention of Significant Deterioration (PSD) in regions attaining
the NAAQS. The amendment also contained requirements concerned to pollution sources in nonattainment regions which did not meet the standards for air quality. The second amendment to the
CAA occurred in 1990 which was focused on increasing the authority and responsibilities of the
federal government towards control of air pollution. In addition, newer regulatory programs were
introduced which included the authorization for control of acid rain deposition, toxic pollutants
and the issuing of operating permits to stationary polluting sources [24].
In efforts to reduce air pollution from mobile sources, U.S. EPA also required engine
manufacturers to include certification test procedures to ensure that engines are compliant with
emissions limits before they are sold in the market. The improvement in air quality and pollution
control in the United States was the result of the establishment of Clean Air Act.
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2.2 Consent Decrees
In 1998, U.S.EPA identified that several HDD engine manufacturers were using engine control
techniques to meet the certification standards only under specific driving conditions. Thus, the
U.S.EPA filed lawsuits against the engine manufacturers for their illegal practices. Nationwide, it
resulted in more than one million diesel vehicles equipped with defeat devices which were
designed to overrule the emissions control systems. It was estimated that the trucks released about
1.3 million tons of excess oxides of nitrogen emissions in the year 1998 [26].
In October 1998, the HDD engine manufacturers entered individual consent decrees with the
U.S. Department of Justice (DoJ), the U.S. EPA and California Air Resource Board (CARB). The
companies involved in the violation included Caterpillar, Cummins, Detroit Diesel, Mack Trucks
Inc., Renault, Navistar International Truck and Engine Company, and Volvo Trucks Inc. The
consent decrees between U.S.EPA and each engine manufacturer was different depending on the
extent of violation. In common to all HDD engine manufacturers, the consent decrees required
their newer engines to meet 2004 NOx emissions standards, fifteen months earlier than the set date.
It also required their engines to comply with emissions standards during real world driving
operation. This led to the introduction of in-use compliance testing during real world driving
operation as it was identified that the engines were producing elevated concentrations of NOx
emissions in normal day to day operation when compared to the engine dynamometer certification.
The emissions from HDDV’s were measured using a PEMS while the vehicle was performing its
regular on-road duty-cycle. As a result, in-use emissions measurement had become an additional
method of compliance testing of HDD engines [4-9].
During the settlement, the manufacturers claimed that the defeat devices functioned as
auxiliary emissions control systems (AECD’s) that balanced the performance of the engine and
emissions control systems based on the inputs from various sensors such as pressure, temperature,
engine speed, etc.[1]. The violation led to implementation of stringent regulations for the use of
AECD’s which required the manufacturers to disclose and justify the use of such devices. The
U.S.EPA accepted certain AECDs but they were limited to specific operating conditions such as
to decrease the flow of EGR to reduce engine coolant temperature, to avoid engine overheating
conditions, or to reduce unburnt hydrocarbons produced during cold start engine operations. The
approval of an AECD required the engine manufacturers to demonstrate the lowest NOx that could
be attained with the use of AECD. The stringent regulations mandated the engine manufacturers
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to exhibit that their engines met emissions standards through steady state engine dynamometer
testing, Supplementary Emissions Testing (SET), and in-use emissions testing.
As part of the settlement, the U.S DoJ ordered the settling engine manufacturers to finance
research projects to focus on emissions reduction strategies for future engines instead of paying
penalties to the government. The projects included the development of exhaust aftertreatment
technologies, fuel injection systems, engine remodeling kits to scale down NOx emissions and inuse testing. Each engine manufacturer was required to select a compliance auditor to inspect the
projects and report the status of development to the U.S. EPA [4-9].
Several HDD engine manufacturers contracted WVU to execute an in-use emissions
measurement project which was part of consent decrees. The project was divided into 4 phases
that included in-use testing of over 150 vehicles. In this program, pre- and post-consent decrees
engines of different configurations and engine families were selected and in-use emissions testing
was performed. The first phase of the project investigated if the commercially available emissions
analyzers met the requirements of in-use emissions testing. WVU found that the available systems
did not fulfill the requirements of in-use testing. Thus, WVU worked towards the development of
a device that was efficient in measuring instantaneous gaseous emissions during on-field in-use
testing. The device, commonly known as the Mobile Emissions Measurement System (MEMS),
was designed to measure CO, carbon dioxide (CO2), HC, and NOx emissions. WVU had a major
role in the development of measurement protocols that further became standards for in-use
emissions measurement [11] .
The second phase of the project was focused on the selection of test routes, measurement
protocols and validation of the mobile emissions measurement device. The trucks were driven over
4 test routes, two of which comprised of a majority of highway driving operations and the other
two routes included both urban and highway driving operations [10].
The third and fourth phases of the project were focused on in-use testing of the pre-and postConsent Decrees engines using mobile emissions measurement systems. During the third phase,
engines ranging from model year 1994 to 2001 were tested using test and route protocols which
were established during the second phase of the project. The fourth phase involved testing of
engines which were manufactured post-Consent Decrees. The engines tested during this phase
ranged from model year 2001 to 2003. During this phase, the U.S. EPA selected engine families
of each model year to perform in-use emissions testing and mandated that a minimum of four
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engines had to be tested per engine family within the engine’s useful life [10]. Among the four
engines, two engines were required to be tested when the engine has acquired 150% or greater of
the engine's useful life [11].
The in-use testing program tested the engines year-long, to also capture seasonal effects on
real-world emissions. Moreover, in addition to setting a baseline for emissions compliance, in-use
emissions testing also generated research interests in areas such as emissions inventory modeling,
and the development of engine test cycles representative of operating conditions that could cause
an increase in emissions not captured in the FTP certification cycle [3]. The result was the NTE
emissions standard, which was created and standardized to evaluate in-use emissions as specified
by the U.S. EPA. Specifically, the regulations required that the engine was operated in the NTE
control area with additional criteria based on ambient and engine operating conditions for a
minimum period of 30 seconds. To pass the compliance test, the averaged emissions over the
period of valid events was required to be lower than 125% of the FTP certification standards [27].

2.3 Engine Certification Cycles
Engine manufacturers are mandated to certify their engines on an engine dynamometer using
standardized test cycles and procedures set forward by the U.S. EPA. In early 1970’s CAPE-21
program was initiated jointly by the U.S. EPA and Coordinating Research Council (CRC) to
analyze emissions from HDD vehicles. The data from this study was used for the development of
the standardized certification cycle which was outlined to simulate real world driving conditions
on a chassis dynamometer. Monte Carlo statistical methods were used to produce various cycle
segments based on the data collected from the heavy-duty trucks which were performed during
their regular duty operation in New York City and Los Angeles. The cycle segments were refined
based on comparison of overall statistics such as average vehicle speed and percentage of idling
time between the generated cycle segment and the CAPE-21 program database. The main objective
of the study was to analyze the operational behavior of the trucks in urban and expressway driving
conditions. The observations from the study led to the design of the engine dynamometer cycle
(transient FTP) and chassis cycle (Urban Dynamometer Driving Schedule) [28].
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2.3.1 Federal Test Procedure
The Federal Test Procedure (FTP) is a heavy-duty transient engine dynamometer cycle which
is used for emissions regulatory testing of on-road diesel engines in the United States. The test
cycle consists of normalized engine speed and torque set points. For the test cycle to represent
actual operating range of the engine, the set points are normalized based on the lug curve of the
engine. The FTP cycle comprises of 3 driving patterns: The first driving pattern includes typical
urban traffic operation with numerous stops and starts and is commonly known as New York Nonfreeway (NYNF). The second driving pattern known as Los Angeles Non-Freeway consists of
typical urban traffic with few stops. The third driving pattern simulates driving trends on Los
Angeles Freeway (LAFY), which are representative of expressway traffic in Los Angeles. The
fourth driving pattern is the repetition of the New York Non-Freeway driving phase. Each phase
in the FTP test cycle has a duration of 300 seconds. The distance travelled by the engine on a FTP
test is 10.3 km and the average vehicle speed is 30 km/hr [29].

Figure 2.2: Normalized Engine Speed and Load Trace of FTP Transient Cycle [29]
While performing the certification test, it is mandated to perform the FTP test completely twice,
cold start operation being the first test and followed by a hot start test with a soak period of 20
10

minutes between the two tests. Exhaust emissions are collected throughout each cycle. The engine
is generally soaked overnight and a cold start FTP test is performed in the morning. During the
test, the exhaust temperature is typically between 250 °C and 350 °C. The exhaust temperature
reaches the high-temperature range (approximately 450 °C) during hot sections of the test cycle.
During the engine certification cycle, it is of great importance that the electric dynamometer is
efficient in supplying and absorbing power as the cycle includes both motoring and engine driven
segments. In the FTP test cycle, the average load factor at a given speed is 20% to 25% of the
maximum power of the engine which is lower than the regular duty cycle that a HDD vehicle
typically experiences while in regular service [29].
A weighted average equation is used to determine the composite brake-specific emissions for
the cycles using cycle work and constituent mass individually. The composite emissions result is
comprised of 1/7th and 6/7th the cold start and hot start results, respectively. Equation 1 is used to
determine the average weighted emissions [30].
1
6
g + g
7 c 7 h
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bhp.hrc + bhp.hrh
7
7

AWM = 1

(1)

2.3.2 Supplemental Emissions Test
The 1998 Consent Decrees had introduced an additional test cycle for engine certification. The
Consent Decrees mandated engine manufacturers to demonstrate emissions compliance for the
engines manufactured during the period of 1998 to 2004 over the supplemental emissions test. The
Supplemental Emissions Test is a 13-mode steady state engine dynamometer test which was
introduced to ensure that emissions are controlled during steady state driving operations. The set
points representative of the cycle are based on the engine’s lug curve. The “discrete” mode is the
first version of the test cycle which was used for engine compliance testing under the 1998 Consent
Decrees. The Discrete mode cycle is outlined based on the 13 mode European Stationary Cycle
generally referred to as the Euro III cycle. The second version of the cycle is a two-ramped mode
cycle that is performed as a continuous cycle and includes ramped transitions between individual
modes. For heavy-duty engines manufactured between 2007 and 2009, engine manufacturers could
use either one of the versions for compliance testing. The 2007 ramped mode of the cycle included
similar weighting factors and operating modes as the discrete mode test, but the order of the modes
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was different and the transition between the modes was pre-defined. For model year 2010 and
later, engine manufacturers were mandated to use the 2010 ramped mode of the test cycle to
demonstrate emissions compliance. The 2010 ramped mode version of the test cycle is identical to
the 2007 ramped mode. The only difference is the order in which the modes are operated and is
like the European Stationary Cycle and Discrete mode, SET.
During the SET mode, the engine is tested at speed set points associated with 25%, 50%, 75%
and 100% of full load torque. Each test mode has two sets of weighting factors associated with it.
The following equations are illustrative of the speed set points A, B, and C.
A = 0.25 x (nhigh − nlow )

(2)

B = 0.50 x (nhigh − nlow )

(3)

C = 0.75 x (nhigh − nlow )

(4)

The speed nlow represents engine speed below the rated speed when the full load power is 50% of
the maximum engine power. The speed nhigh represents engine speed above the rated speed when
the full load power is 70% of the maximum engine power. The weighting factor (A) is aimed to
be used for pollutant emissions testing. In 2016, U.S. EPA introduced a second set of weighting
factor for the supplemental emissions test, which accounts for the down-speeding trend observed
today in HDD engines. The weighting factor (B) is associated with the testing of CO2 emissions.
Each test mode is associated with a specific time at which the engine needs to be tested and the
total test duration is 28 minutes. Upon submission of emissions testing data, the EPA selects a set
of three randomized points between the specified speed and torque thresholds, and the emissions
of the selected points should not surpass 125% of the interpolated value at the selected point [32].
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Table 2.1: Set points of Supplemental Emissions Test [31]
Mode

Engine
Speed

Load (%)

Weight A (%)

Weight B (%)

1

Low idle

0

15

12

2

A

100

8

9

3

B

50

10

10

4

B

75

10

10

5

A

50

5

12

6

A

75

5

12

7

A

25

5

12

8

B

100

9

9

9

B

25

10

9

10

C

100

8

2

11

C

25

5

1

12

C

75

5

1

13

C

50

5

1

Total A speed

23

45

Total B speed

39

38

Total C speed

23

5

2.3.3 Worldwide Harmonized Transient Cycle
The Worldwide Harmonized Transient Cycle (WHTC) is a transient engine dynamometer test
which was established by the United Nations Economic Commission for Europe. The engine
dynamometer test schedule was developed from the Worldwide Vehicle Transient Cycle (WVTC),
by collecting data from real world driving operations from 65 trucks in Europe, Australia, Japan
and United States [33].
For the engine certification cycle to represent actual engine speed and load, a drivetrain model
was developed that converted WVTC’s vehicle speed and normalized engine power into percent
13

set points. The duration of the test is 1800 seconds and simulated urban, rural and motorway
driving. The distance travelled by the engine during the WHTC test is 20km.

Figure 2.3: Normalized Engine Speed and Load Trace of WHTC Cycle [34]
The distance travelled by the engine in the urban, rural and motorway is 5.3km, 5.8km and
8.9km respectively. The test also includes motoring segments similar to the FTP Cycle. The
negative torque set points in the test represents closed rack motoring [34].

2.3.4 European Transient Cycle
The European Transient cycle is an engine dynamometer test cycle which was created by FIGE
Institute, Germany for emissions certification of on-road heavy-duty diesel engines in Europe. The
test cycle is 1800 seconds in length and is representative of urban, rural and motorway driving
conditions [35].
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Figure 2.4: Normalized Engine Speed and Load Trace of European Transient Cycle [35]

2.4 Emissions Certification Standards
In 1970, U.S. EPA had established nationwide emissions regulations for heavy-duty diesel
engines to maintain a limit of pollutant emissions, thus improving the air quality. Since the
implementation of federal regulations on pollutant criterion, there has been a historical decrease
in the emissions certification levels. Implementation of strict emissions standards has driven
technological innovations, thus enforcing engine manufacturers to implement advanced
combustion strategies and aftertreatment technologies to meet the emissions regulatory standards.
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Table 2.2: U.S. EPA Emissions Standards for Compression Ignition Heavy Duty Trucks
and Urban Buses [48]

In order to meet the U.S. EPA 2010 emissions standards, engine manufacturers were required to
implement the use of advanced NOx reduction aftertreatment technologies and in-cylinder
combustion strategies to reduce NOx and PM emissions. The advancement in diesel engine
technologies has led to a variation in the emissions compliance over the life of the engine [11].
The durability of the engine is a contributing factor for diesel engine emissions. The current
compliance life of a heavy-duty diesel engine is 435000 miles or 10 years of service. The
regulations require engines to maintain compliance with emissions standards throughout its useful
life [46].
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Figure 2.5: U.S. EPA Emissions regulations of Oxides of Nitrogen and Particulate Matter
[11]
Ever since the establishment of emissions regulations, NOx and PM emissions standards have
reduced by 99% in comparison to emissions standards in the year 1970. To ensure compliance
with the emission standards set forth by the U.S. EPA, heavy duty engine manufacturers are
required to meet emissions standards by conducting laboratory and in-use testing of engines from
each engine family.
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2.5 Real-World Emissions compared to Certification Standards
The enactment of in-use compliance testing was one of the major outcomes of the Consent
Decrees between the heavy-duty engine manufacturers and the U.S. EPA to quantify engine out
emissions in real-world driving conditions. Before the Consent Decrees, HDDE’s were certified
only on engine dynamometer that operated using lab-grade measurement systems and a controlled
environment over a specified certification cycle. The exhaust emissions were directed into a
constant volume sampling system where the samples of diluted emissions were measured using
analyzers specific to each emissions constituent. During laboratory grade testing, ambient
conditions such as intake pressure and humidity are conditioned and strictly controlled. Thus,
laboratory testing is not illustrative of real world engine operation where ambient conditions vary
and significantly affect the engine’s performance [36]. On-road emissions measurement provides
emissions data during real-world operation. In order to identify the emissions trends during real
world operation, emissions measurements using PEMS or a full-scale laboratory compliant to CFR
part 1065 for emissions measurements need to be performed on the road [2].

2.5.1 Factors affecting in-use emissions
Compared to the engine dynamometer testing under controlled conditions, real-world
emissions are affected by numerous, difficult-to-control factors [2]. This section will start with
the effects of environmental conditions, followed by a discussion related to the effects induced by
vehicle type, use, traffic and payload.

2.5.1.1 Effects of Environmental Conditions on Real-World Emissions
Environmental conditions such as road grade, altitude, humidity, and air temperature, were
shown to affect in-use emissions [41]. Each of these factors is discussed next.
Road Grade: On-road vehicle emissions are greatly influenced by road slopes. It is important to
understand the effect on real-world emissions based on change/variation in road grade [42]. Over
the past decades, research studies have explored methods to improve road design that reduce onroad emissions [42]. Wyatt et- al. [43] indicated that it is not appropriate to assume that increased
emissions on uphill slopes will be balanced by the decreased emissions on the downhill portion
along the same route. Zhang et- al. [42] investigated the road network in Taiyuan Metropolitan
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Area, China. Up to 80% of the area is made by hills, which leads to higher road grades. The study
analyzed emissions trends on 9 different scenarios of road grades varying from 0% to 4% grade.
It was found that CO emissions increased with the rise in road grade. The highest change for CO
emissions (g) was observed when the road grade increased from 0% - 0.5%. NOx emissions had a
similar trend. The rate of change of NOx emissions (g) was the highest again between 0% - 0.5%
of road grade. A change of 0.1536g was observed with the change in road grade from 0% - 0.5%.
HC emissions increased from 1.5308g at 0% grade to 2.2074g at 4% grade. The findings of the
study for all 9 different scenarios indicated that CO and NOx emissions increased with the rise in
road grade [42].
Altitude: The change in altitude significantly affects the engine’s performance to the decrease in
the partial pressure of oxygen at higher altitudes [44]. The change in altitude can be noticed
significantly at low engine speeds where the turbocharger is inefficient and limited in use to avoid
over speeding of the turbocharger which occurs at low intake air density. This change leads to
higher concentrations of HC, CO, CO2, and PM due to incomplete combustion[44].
Humidity: Intake air humidity is known to affect oxides of nitrogen emissions for diesel engines
[45]. The increase of intake air humidity causes a decrease in the oxygen concentration of the
intake air and eventually causes a decrease in NOx emissions. Asad et- al. [45] investigated the
effects of intake air humidity on a turbocharged 4-cylinder diesel engine. The tests were performed
at 3 different load points (4.1, 9.1 and 15bar BMEP) and varying engine speeds. The intake charge
was maintained at a constant temperature of 26 °C and the relative humidity was varied from 31%
to 80%. The results showed that a NOx reduction of 3~14% can be achieved with the increase in
the humidity of intake air. The study also indicated that CO and HC emissions were insensitive to
variation in humidity levels [45].
Air Intake Temperature: Ambient temperature affects the power produced by the engine due to
its effect on the density of the air entering the cylinder. A decrease in the air inlet temperature can
cause an increase in the power produced by the engine but results in lower pre-ignition
temperatures. An increase in the air inlet temperature results in the acceleration of formation of
NOx emissions with higher combustion temperatures. The optimum range of the intake charge
temperature for a diesel engine is 15-32°C [46].
Of particular interest are the effects of environmental conditions on NOx emissions. To
minimize such effects, certain correction factors were developed and implemented during post
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processing of emissions data collected throughout the test [36]. To account for the effect of ambient
conditions, the CFR mandates the use of correction factors for NOx emissions. It states that if the
intake air humidity is below 50 grains (7.14 g/kg) then NOx emissions need to be corrected to a
standard level of 50 grains. If the intake air humidity is above 75 grains, then NOx emission need
to be corrected to 75 grains (10.71 g/kg). For ambient air temperatures below 55 °F the NOx
emissions need to be corrected to a temperature of 55 °F. If the ambient air temperature is above
95 °F, then NOx emissions needs to be corrected to a temperature of 95 °F. It is not necessary to
implement the correction factors if the ambient air temperature or intake air humidity is within the
range of 55-95 °F or 50-75 grains, respectively [47].

2.5.1.2 Effects of Vehicle Type, Use, Traffic and Payload on Real-World Emissions
Several recent investigations [2] showed that real-world emissions are also highly dependent
on the vehicle type [37-38], type of driving operation (speed and acceleration) [39], traffic
conditions, road grade [40], vehicle payload, and fuel type (e.g., natural gas vs diesel) [51]. It was
also observed that increased levels of NOx emissions were emitted during off-cycle aftertreatment
activity such as reduced NOx conversion efficiency below the SCR light-off temperatures or
emissions produced during a DPF regeneration event, which may exhibit different emissions trends
during real-world operation [49-50].
Quiros et- al. [2] performed on-road emissions testing on seven different vehicles of different
model year comprising of vehicles equipped with diesel, hybrid and compressed natural gas
technology. The test routes were selected based on the driving characteristics throughout the state
of California, namely: Hill Climb Highway, Interstate Highway, Regional Highway, Local
Drayage, Near-Dock Drayage, and an Urban arterial route. The test routes also included low-speed
driving operations to understand the effect on NOx emissions of the SCR-equipped HDD trucks.
HDD truck equipped with a 2007 MY diesel engine demonstrated the highest route averaged NOx
emissions which ranged to 5.96 g/bhp-hr for near-dock route which includes a major portion of
low-speed/low-load, engine idle, and stop and go operation. For MY 2013 and 2014 engines
equipped with SCR technology, average emissions were below the certification standard for Hill
climb, Interstate and Urban arterial routes, but demonstrated higher emissions for Regional and
Local drayage routes reported by Quiros et al. Near-dock and local drayage routes reported higher
NOx emissions due to the temperature limitation of the SCR activity during the portions of the test
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[2]. For all the test routes, the CNG engine maintained NOx emissions well below the certification
standards due to the presence of a three-way catalyst. The hybrid diesel vehicle (without SCR
technology) exhibited lower NOx emissions during interstate driving.
Regarding fuel effects, Thirvengadam et- al. [51] performed chassis dynamometer emissions
testing of 11 HD vehicles which included diesel, natural gas and dual-fuel technology engines. All
engines were complaint to U.S. EPA 2010 emissions standards. The trucks equipped with natural
gas engine demonstrated lower NOx emissions upon comparison with diesel and dual-fuel engines.
More, the study showed that higher NOx emissions were produced during near dock and local
drayage cycle, which comprise of extended engine idle and creep operation, probably due to the
lower exhaust gas temperatures that limited the SCR operation. Similar results were also observed
by [2] during their on-road emissions measurement.

2.5.2 Necessity for Real-World Emissions Inventory
Research on real-world emissions provides an in-depth analysis of emissions trends over
various engine and aftertreatment operating conditions, hence the necessity of creating a real-world
emissions inventory. Such an emissions inventory would give in-sight on the effects of varying
driving and load patterns for different HDD engines to idealize the effect of varying engine
parameter thresholds and its effect on tail-pipe measured emissions. The efficency of NOx control
for post-2010 engines equipped with an SCR system and advanced engine control strategies can
be quantified. Further, the limitations and thresholds of the NOx reduction technologies can be
identified based on the engine load, operation, and vehicle speed, which directly effect engine-out
exhaust temperature [2]. The goal is to obtain a broader aspect of emissions performance of
different engines for regulatory purpose which aids to set forth the desired thresholds that quantify
in-use emissions techniques, such as NTE and WBW method. Extensive real-world emissions
testing is critical to understand the emissions performance of HDD engines and to closely analyze
the type of engine and driving operation that cause a rise in NOx emissions, which is difficult to
control by the engine and aftertreatment systems [2].
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2.6 Impact of NOx Reduction Aftertreatment System on Real-world Emissions
In efforts to control NOx emissions from diesel engines, an advanced emissions control device
has been adopted by the HDDV industry. SCR systems have proven to be the most cost-effective
technologies to reduce diesel exhaust emissions. The combination of aqueous urea solution and
the SCR catalyst efficiently reduce NOx emissions over a wide range of engine operation. The
advanced emissions control strategy aids engine manufacturers to meet U.S.EPA 2010 emissions
standards [52].
SCR technology reduces NOx emissions by injecting an aqueous urea solution (NH3) through
the SCR catalyst in the exhaust stream. NOx emissions are majorly comprised of NO (≥ 90%).
Majority of SCR activity is majorly focused on reducing the component NO [53]. Active catalyst
compounds used as SCR catalysts are vanadium, molybdenum, and tungsten. For HD applications,
urea is typically maintained at 32.5% by weight along with 67.5% water to obtain NH3. The
primary strategies of the urea-SCR is to release NH3 by thermolysis and hydrolysis and further
react with NO and NO2 [54].
CO (NH2 )2  HNCO + NH3 (thermolysis)

(5)

CO (NH2 )2  NH3 + CO2 (hydrolysis)

(6)

4NO + 4NH3 + O2  4N2 + 6 H2 O

(7)

2NO2 + 4NH3 + O2  3N2 + 6 H2 O

(8)

The NOx reduction is achievable within a specific temperature range. The optimum range of
NOx reduction varies based on the type of the catalyst. The light-off temperature for SCR catalyst
is between 200 °C and 400 °C [54]. Typically, SCR reduces NOx emissions by 90%, while at the
same time reduces HC and CO emissions by 50%-90%.
An overall improvement in NOx conversion is achieved due to the inclusion of an oxidation
catalyst which also converts NO to NO2 [55]. In practice, a NOx reduction up to 90% is achievable
in stationary and non-stationary applications with a NH3 leak of less than 20ppm [56]. On-road
field tests are performed to evaluate the performance of the exhaust aftertreatment systems under
real-world conditions [57].
Lopez et- al. [57] conducted on-board emissions measurement in Madrid to evaluate the
performance of emissions control devices under real-world driving conditions over a bus route.
One of the test vehicle (turbocharged diesel engine) used in the study was equipped with the
combination of urea-SCR system and the other test vehicle comprised of the combination of EGR
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and DPF technology. The test route in which the bus typically operates on a regular basis
comprised of low speed (i.e., slow driving operation) and a portion of high speed operation (M-40
motorway bypass)[57].

Figure 2.6: Instantaneous NOx emissions of a Turbocharged Diesel engine equipped with a
SCR system [57]
Figure 2.6 shows a comparison of instantaneous NOx emissions of the both of test vehicles
depending on the type of technology used for NOx reduction. The results of the study demonstrate
that the SCR technology greatly reduces NOx emissions in all driving operation of the test route
except extra-urban operations where the system is technically not active because of the lower
exhaust temperatures due to low speed/load operations.
Based on the test route evaluation of the aftertreatment systems, it was concluded in the study
that urea-SCR technology performs better than the EGR-DPF technology in terms of emissions
reduction for all parameters except CO and PM. The results of the study show difficulties in
reducing NOx emissions in urban driving condition using EGR technology. Urea-SCR technology
has advantages over the EGR-DPF in terms of NOx reduction, but the technology also faces its
limitations during low speed/load engine operation [57]. The technology has lower NOx
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conversion rate during test activity over an extended range of lower exhaust temperatures. During
this portion of activity there is a possibility of incomplete decomposition of urea and deposition of
solid urea components [58].

2.7 Alternative Methods for Evaluation of in-use emissions
Various methods have been developed to assess emissions performance and compliance of
emissions measured using Portable emissions measurement system over the entire range of engine
operation. The methods developed to quantify emissions are focused to minimize the influence of
route characteristics and varying driving patterns on test results for evaluation of emissions.

2.7.1 Classification of Emissions from Automobiles in Real driving (CLEAR)
This method classifies emissions based on varying engine loads operated during the test was
developed by the Technical University of Graz (TUG) to determine weighted emissions as a
function of power. The method uses a binning methodology with frequencies corresponding to a
normalized driving pattern. In this approach, the emissions measured under different type of
driving operations are transformed into a normalized load profile that eliminates variations of
engine speed and power dependent on the vehicle. An analysis performed by TUG using 50
vehicles showed that the normalization of engine power by dividing the instantaneous power over
a defined speed and acceleration combination delivered similar trend of frequency distributions
for vehicles tested over varying trips. The driving conditions required for the normalization of
engine power required a balanced share between road load coefficients since the power demanded
by the vehicle was dependent on vehicle specific mass, air, and rolling resistance. The reference
power calculated for normalization of power was based on the driving power demand of the vehicle
[59]:

2
Pdrive = vref ∗ [mref ∗ aref + R 0 + R1 ∗ vref + R 2 ∗ vref
]

Pnorm =

Instantaneous Power
Pdrive
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(9)

(10)

Figure 2.7: Frequency of Power Demand Levels over Absolute and Normalized Power [60]
The data is distributed into specific target power bins dependent on driving/engine operation.
Based on normalization of the data, power bins represent similar frequencies for normal driving
conditions. A generic target power pattern was developed based on the target frequencies of the
normalized power bins from 40 vehicles tested by TUG. In order to evaluate the method, the target
power pattern of each vehicle is de-normalized by multiplying it with the vehicle specific Pdrive.
Based upon the distribution, the highest power bins are implied to the rated power of the engine.
A moving average window of 3 seconds is implemented on the emissions signals into sorted power
bins and the average emissions is weighted to the frequency of the bin in accordance to the target
power pattern. The total emissions of the test are quantified as the sum of weighted emissions
calculated per bin. The power binning approach can be used to translate in-use emissions test trip
into a normal distribution of power to determine emissions as a function of engine power.
Based on in-use emissions test performed by the engine manufacturers with 5 different vehicles
in Europe, deviations in normalized power distribution were identified against the target power
patterns limited per bin typically during high and low load activity. The irregularity of the
normalized power pattern against the boundary limits limits the methodology in estimating the
emissions between low-load and high-load activity of the engine. Thus, the classification of
emissions into different power bins representative of normalized driving ensures that the emissions
are dependent on the driving conditions used by the vehicle [60].
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2.7.2 Vehicle Speed Binning (VESBIN)
The method developed by TNO determined in-use emissions performance based on the vehicle
speed. The speed binning approach collects emissions data points representative of the desired
speed interval and calculates the average emissions for each speed interval over the complete range
of speed operation of the vehicle. The approach is beneficial to understand emissions trends of
different operation speeds over the entire test operation. The calculated average speed and
emissions of each bin aids in distinguishing the magnitude of emissions for low, medium and highspeed vehicle activity. During in-use emissions analysis, exclusions eliminate data points which
yield inaccurate estimate of emissions results. For data evaluation, speed binning approach only
excludes cold start operation of the engine, i.e. any engine operation where the coolant temperature
is below 70 °C. The binning approach can be used to determine brake-specific emissions or CO2specific NOx emissions for each interval.

𝑔 𝑁𝑂𝑥 𝑝𝑒𝑟 𝑘𝑔 𝐶𝑂2 =

𝑔
𝑠
𝑔
∑𝑣=𝑣𝑖+5
𝐶𝑂2 [ ]
𝑣=𝑣𝑖
𝑠

∑𝑣=𝑣𝑖+5
𝑁𝑂𝑥 [ ]
𝑣=𝑣𝑖

(11)

To validate the method, TNO used PEMS emissions data from a Mercedes Citaro Euro VI bus.
The gaseous and particulate matter emissions reduction strategies used in this vehicle were exhaust
gas recirculation, diesel particulate trap filter, diesel oxidation catalyst, and a SCR and ASC
catalyst. The in-use emissions data was classified to pre-defined speed bins of 5 km/hr in width
and average emissions were quantified for each bin.

Figure 2.8: Classification of NOx Emissions Based on Speed Bins [61]
26

The classification of emissions based on speed intervals for Mercedes Citaro Euro VI bus estimates
that the engine performs well in terms of NOx emissions reductions at operational speeds above
50 km per hour. Figure 2.8 illustrates the emissions performance of the engine over different speed
bins which helps understanding the emissions behavior of different operational speeds. It can be
noted that NOx emissions are sensitive to the driving conditions. The methodology also includes
data points which may produce low engine efficiencies and thus would significantly increase the
brake-specific emissions. Low vehicle speed or payload would cause an adverse effect on the
vehicle's NOx emissions. The average vehicle speed provides a better classification of emissions
trends over varying driving patterns but is less of an indicator of emissions patterns for in-use
compliance [62].

2.8 Previous Work-based window Method Related Work
2.8.1 European Union- Joint Research Centre (JRC)
In order to assess in-use emissions measured using portable emissions measurement systems,
the European Commission’s Joint Research Center (JRC) had performed extensive research in the
development of moving average window approach. The method includes quantification of
measured emissions averaged over a pre-defined reference interval. In the moving average window
approach, a window is generated as the vehicle travels until the equivalent reference quantity is
produced. In the case of heavy-duty engines, the period of the window is selected over the work
specific reference quantity. For light duty engines, emissions are averaged continuously
throughout the test over a predefined amount of CO2 emitted over a certification cycle. The method
excludes the cold start (warm-up phase) of the test. Due to the limited amount of engine operation
and availability of data in the NTE method, EU JRC performed research in the development of the
averaging window method to analyze in-use emissions [63].

2.8.2 Center of Alternate Fuels Engines and Emissions (CAFEE)
In 2006 WVU CAFEE worked on the development and analysis of in-use emissions of heavyduty diesel engines using the work-based window approach to quantify in-use emissions. The inuse emissions data used was collected during the Phase III and IV of the in-use emissions
measurement program of the HDDE’s in-use measurement program (as specified in Consent
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Decrees). at a frequency of 5Hz using MEMS. The study was focused on the development of the
work based window method to analyze in-use brake-specific NOx emissions. The method was
dependent on the engine speed and torque data recorded by the vehicle’s ECU. These parameters
were used to estimate the instantaneous power produced by the engine and the instantaneous work
was determined using time differential. The reference quantity for the moving averaging window
method was determined by calculating the total work produced by the engine during a certification
test cycle using the engine’s lug-curve data. Equation 12 is used to calculate the accumulation of
work in a moving average window [64]:

(12)

The instantaneous work is calculated for each data point in the test, then time-integrated until the
desired reference work quantity is reached. Once the reference work is reached, the window is
generated and the process is continuously repeated throughout the test.

(13)

The study compared brake-specific NOx (bsNOx)emissions using both the WBW and NTE
methodologies. WBW method was used to calculate in-use brake-specific NOx emissions over a
range of work window durations that ranged from 1 bhp-hr to 75 bhp-hr.
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Figure 2.9: Effect of Work Window Duration on bsNOx Emissions of a 9L Diesel Engine
[64]
A range of tests that varied the reference work of the engine were performed on 9L and 12 L
HDDEs. The results showed that smaller work windows can produce higher bsNOx emissions as
they may include higher engine speed and torque operation. Further, as the work interval increased,
it was observed that bsNOx emissions reached a constant level with the increase in the work
interval. This level was typically lesser or equal to FTP NOx certification of the engine. The
window duration varied throughout the test for all work windows depending on the type of engine
operation [64].
Figure 2.9 indicates that as the reference work increased there was a decrease in the bsNOx
emissions. Further, the error bars shows that the emissions variance was lower. However, it was
also observed that the WBW method can yield higher bsNOx emissions. For example, a short
duration of work can produce significantly higher bsNOx emissions which may lead to inaccurate
results, thus causing a failure to the test methodology. To evaluate the brake power produced by
the engine during a work window, a test failure criterion was developed. The failure methodology
required the average power of the work window to be equal or greater than the power produced by
the engine during the FTP certification test cycle.
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(14)
As the failure criterion was developed with reference to the FTP certification cycle, the
failure requirements required the duration of the window to be less than or equal to the FTP test
duration, which is 20 minutes to eliminate engine idle and low load engine operation [64].
The study focused on comparison of emissions using the WBW and 30-second window NTE
method from four 2003 MY engines of the same engine family, which were certified to 2.5 g/bhphr of NOx + NMHC emissions standards. The engines had a power rating of approximately 300hp
and were tested over four different routes.

Figure 2.10: WBW bsNOx Results of 4 2003 MY Test Engines [64]
Figure 2.10 shows that for most of the in-use emissions tests, the average WBW bsNOx
emissions calculated at standard FTP reference work was close to the NOx + NMHC certification
standard for all 4 test routes. The average bsNOx emissions of all the test engines was 2.576 ±
0.323 g/bhp-hr with a coefficient of variation (CoV) of 12.52%. The mean and standard deviation
for test routes A, B, C and D were 2.531± 0.251 g/bhp-hr, 2.343 ± 0.197 g/bhp-hr, 2.658 ± 0.359
g/bhp-hr, and 2.603 ± 0.345 g/bhp-hr respectively. It must be noted that the results are repeatable
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if the standard deviation and coefficient of variation among the emissions results is small. The
bsNOx emissions in route C and D were relatively higher compared to test route A and B. The
increase in emissions for the specific routes can be due to the test route characteristics and ambient
environmental conditions [64].

Figure 2.11: NTE 30 second window bsNOx results of 4 2003 MY test engines [64]

Figure 2.11 shows that the bsNOx emissions for all the tests using NTE methodology were
equal to or lower than the NOx + NMHC certification standard. The overall average bsNOx value
for these engines was 2.302 ± 0.388 g/bhp-hr. The average and standard deviation for test routes
A, B, C and D using the NTE 30 second window method were 2.391 ± 0.299 g/bhp-hr, 1.878 ±
0.156 g/bhp-hr, 2.110 ± 0.320 g/bhp-hr, and 2.316 ± 0.442 g/bhp-hr, respectively. It is interesting
to observe that the WBW method produces less variation in bsNOx emissions data compared to
the NTE region 30-second window method. Moreover, the emissions results were sensitive to
engine operation, test route characteristics, and engine calibration.
Based on the failure criterion, it can be concluded that the minimum average power can
typically cause a significant effect in the invalidation of work windows. Further, a higher average
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power can lower the average and minimum values, and a lower average power can cause a rise in
the average and maximum values [64].
A similar study was conducted by Nathan Music, at WVU [36]. The study focused on the
current NTE and WBW methods to analyze in-use emissions from seven vehicles, which were
representative of diverse vocational applications. The vehicles used for the research included two
service trucks, two aerial bucket trucks, two long-haul trucks and one flatbed truck. Their engines
were from 2 different engine families. Test vehicle’s 4 and 5 were of the same engine family as
test vehicles 1, 2 and 3, but with a different power rating. To compare the results from both the
WBW and NTE method, the results were represented in box and whisker plots for all the test
vehicles [36].

Figure 2.12: Comparison of NOx emissions WBW to NTE Method [36]
Figure 2.12 indicates that bsNOx emissions for most of the tested vehicles were approximately
1 g/bhp-hr regardless of the in-use testing methodology. A higher concentration of NOx emissions
was observed from test vehicle 4 and 5, probably due to the extended engine idle operation and
the variation in the EGR operation. More, test vehicle 4 was considered as the highest emitter for
all emissions species because the engine was operated on a relatively longer period of idle
operation. During the test, the engine was idling for the first 1 hour and 20 minutes which was
followed by 20 minutes of highway operation and then the engine was idling for 11 hours of the
day. Extended idling of the engine resulted in producing longer work windows with elevated
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emissions. A better comparison of emissions calculated using the two methods is obtained by
neglecting test vehicle 4. The rest of the vehicles tested showed similar variations between the two
methods [36].

Table 2.3: Percentage comparison between WBW and NTE results [36]

Table 2.3 shows a brief comparison of the results between the 2 methods. The WBW method
had higher results compared to the NTE method. The large difference between the two methods
was probably due to the small amount of concentrations of the emissions species. A small
difference in the emissions results will lead to a large percent difference. The positive percentage
indicates that the WBW emissions is higher than the NTE method. The average of the WBW
method is higher as the method is representative of complete range of engine operation [36].
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2.9 Limitations with NTE method
During the in-use program under Consent Decrees conducted at WVU, it was found that it is
difficult for the engine to remain continuously inside the NTE zone for a period of 30 seconds.
The main reason was the high possibility for the engine to operate outside the NTE zone for few
seconds, thus invalidating the event [16]. The strict boundary limits and additional engine and
ambient conditions required to be satisfied for an NTE event results in less availability of data to
analyze in-use emissions. High-power engines operate at 30% of rated power during highwaycruising operation, which means that the engine can operate below the minimum threshold for
NTE control area if the actual engine power demand is lower [65].
The minimum duration for the event to be valid in the NTE zone is another limitation for the
engine operation. The time constraint for the region has been developed to account for signal
dispersion [66]. If the driver frequently changes gears or continuously varies the throttle position,
then the data collected during that period of operation will not be accountable for evaluation due
to the time limitation for the validation of the event [36]. The NTE method also captures less
amount of transient operation associated with the stop and go driving conditions as the majority of
engine operation will frequently drop below the minimum boundary conditions of the methods
[67].
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3 Methodology
3.1 Work-Based Window Averaging Method
In-use emissions testing is used as a type approval for HDDEs in Europe. To assess in-use
emissions, WBW method is used to quantify in-service conformity. The WBW method is a
continuous moving-average window approach, based on a pre-defined reference quantity. The
reference quantity is calculated from engine characteristics and its performance during the
certification cycle. The sampled emissions rates are integrated from time t=0.0 sec until the
reference parameter reaches a pre-defined target value. For HDDEs, the reference parameter is
defined as the work produced by the engine. The target value is acquired from standardized engine
dynamometer certification test cycles such as FTP in United States and WHTC in European engine
certification process. It represents the total work produced by the engine over the certification test
cycle and is defined as the reference work (WRef) of the engine [15].

Figure 3.1: Schematic of Work-Based Moving Average Window Method [15]
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A window is generated from time tstart =0.0 sec until the time (tend), where the reference
parameter reaches the pre-defined target value (WRef) and process is repeated beginning at the next
data point until a new window is generated. This process continues until the amount of work
produced in a window is less than the target reference work of the engine. The calculation of the
moving average window continues with a time increment Δt which is equal to the data sampling
frequency. The duration of each averaging window is determined with Equations 15 and 16 [15].
W(t2,i)−W t(1,i) ≥Wref

(15)

W(t2,i−Δt)−W(t1,i)< Wref ≤W(t2,i)−W t(1,i)

(16)

The work produced by the engine in a work-window needs to be greater than or equal to the
reference work of the engine. Equation 15 represents the validation of the end point of the ith
averaging window (t2,i) such that t1,i is the start of the ith averaging window, Δt is the data sampling
period, and W( tj,i) is the computed engine work between the beginning and end time of the window
[15].

brake specific emissions (e) =

mass of the pollutant
W(t2,i)−W t(1,i )

(17)

Equation 17 is used to calculate the brake-specific emissions for each emissions species, where
the mass of each species is divided by the engine work measured in the window that is equal or
greater than that of the reference work of the engine.
The work-based window method defines a set of exclusions to invalidate certain data points from
emissions calculations for in-service conformity evaluation. The exclusions of data points are
applicable if the engine is functioning in a certain range of ambient conditions that may yield to
inaccuracies in the data evaluation process. Specific windows can be closely analyzed to address
variability in emissions based on engine operational conditions such as steep-grade roads, or cold
start conditions.
To eliminate cold start operation from data evaluation, the regulations [15] states that “data
evaluation needs to be started only after the engine coolant temperature has reached 343 °K (70°C)
for the first time during the test or after the coolant temperature is stabilized within ±2 °K over a
period of 5 minutes, whichever condition is achieved first by the engine no later than 20 minutes
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after the engine has been started”. In-use emissions testing in the Europe is performed over a predefined composition of route characteristics, the cold start exclusion can be applied as stated in the
European regulations. In this case, as the in-use test is not performed over a pre-defined route, the
data points which includes the engine coolant temperature below 70°C are not considered for
emissions evaluation.
The ambient conditions for the data points to be satisfied for emissions evaluation require the
atmospheric pressure to be greater than or equal to 82.5 kPa. For the data point to be included in
the emissions evaluation process the ambient air temperature needs to be greater than or equal to
-7°C (266°K) and less than or equal to the temperature determined by Equation 18 which is a
function of atmospheric pressure.
T[K] ≤ −0.4514 (101.3 − Pbaro [KPa] ) + 311

(18)

The test activity data points that include the periodic verification of the instrument (i.e., zero
drift verification) during the test are excluded. Further, any data points where the engine was turned
off during the test are also excluded from the analysis. In addition, any data points which include
the portion of active DPF regeneration event during the test are excluded. The exclusions implied
in the evaluation process will terminate the work-window if the window reaches any data point
which is excluded from the analysis.
According to the European regulations [15], work windows whose average engine power is
equal or less than 20% of maximum power of the engine should not be considered for evaluation.
The percentage of valid windows must be equal or greater than 50% of the total windows
generated. If the number of valid windows generated is below 50%, the regulation allows to reduce
the minimum power threshold stepwise down to 15% in 1% increments until the percentage of
valid windows becomes greater than 50% of the total windows. The regulation states that if the
50% of valid window criterion has not reached at 15% minimum average power threshold, the test
data cannot be considered for evaluation of emissions and the test needs to be repeated.
A conformity factor is used to assess in-service compliance of the vehicle. The conformity
factor is defined as the ratio of the brake-specific emissions for valid windows, to its applicable
emissions limit.

CF =

brake specific emissions (e)
Applicable certification limit
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(19)

According to the EU regulations, the 90th cumulative percentile of the conformity factor of each
emissions species of each valid window should not exceed 1.5 for the vehicle to meet the in-service
compliance requirements [15].

3.2 NTE in-use Compliance Method
The NTE emissions quantification method is used to evaluate the in-use compliance of HDDEs
in the United States. The method involves the evaluation of emissions based on engine operation
within the bounds of the control area beneath the maximum torque curve of the engine. The upper
boundary limit of the zone is defined by the maximum torque curve of the engine and the lower
boundary limits is defined by the speed, torque and power limits.
CFR defines the NTE control area, based on the defined speed threshold for the control area.
Specifically, the engine speed (in rpm) must be greater than n15 to be considered as a valid NTE
data point, with n15 defined with Eq.21 [68]:
𝑛𝑁𝑇𝐸 > 𝑛15

(20)

𝑛15 = 0.15 x (𝑛ℎ𝑖𝑔ℎ − 𝑛𝑙𝑜𝑤 ) + 𝑛𝑙𝑜𝑤

(21)

Equation 21 represents the lower boundary limits of the speed threshold of the NTE zone, where
nhigh is the highest engine speed at 70% of the rated power of the engine and nlow is the lowest
engine speed at 50% of the rated power of the engine.
The engine brake torque 𝑇𝑁𝑇𝐸 (ft-lb) must be equal or greater than 30% of the maximum
engine torque for the data point to be considered as valid in the NTE zone [69].
For the engine power threshold, the instantaneous power of a data point needs to be greater than
30% of the rated power to be considered as a valid NTE data point [70].
The instantaneous power is a function of engine speed and torque which is calculated by the
broadcasted parameters from the engine’s ECU.

𝑃𝑜𝑤𝑒𝑟 =

Engine speed (rpm)x Torque(ft−lb)
5252

(22)

For the engine activity in the NTE control area, a set of exclusions are implied on the test activity
data points to eliminate the range of engine operation which may yield to inaccurate emissions
results.
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Figure 3.2: Generic representation of NTE region

Engine operation in the NTE control area must be at an altitude below 5500ft to be considered
as a valid NTE data point [71]. The altitude exclusion is implemented because as the density of
intake air reduces with the rise in altitude, it is difficult for engines to meet emissions standards at
higher altitudes, thus yielding to higher engine-out emissions. During an in-use test, the altitude is
typically determined using the barometric pressure data recorded by the portable emissions
measurement device or by the GPS data logger.
𝐴𝑙𝑡𝑖𝑡𝑢𝑑𝑒𝑁𝑇𝐸 ≤ 5,500 𝑓𝑡

(23)

The ambient atmospheric temperature during an in-use emissions test, 𝑇𝐴𝑚𝑏𝑖𝑒𝑛𝑡−𝑁𝑇𝐸 must be
lower than 𝑇𝐴𝑚𝑏𝑖𝑒𝑛𝑡−𝐴𝑙𝑡𝑖𝑡𝑢𝑑𝑒 which is a function of altitude [72]. The limit for ambient temperature,
which is standardized as the engine has lower control over emissions control devices to reduce
emissions species at higher altitudes is calculated using Eq.20 [72].
𝑇𝐴𝑚𝑏𝑖𝑒𝑛𝑡−𝐴𝑙𝑡𝑖𝑡𝑢𝑑𝑒 = −0.00254 x (Alt) + 100
where, Alt [ft] is the altitude of the location of the test activity
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(24)

Ambient temperature gradually decreases with the rise in altitude which leads to incomplete
combustion due to lower partial pressure of air which results in an increase in emissions species
such as HC, CO, CO2 and PM [44].
The engine coolant temperature of a valid NTE data point, ECTNTE has to be greater than the
coolant temperature limit, ECTEGR which is a function of absolute intake manifold pressure (in bar)
[73].
𝐸𝐶𝑇𝑁𝑇𝐸 > 𝐸𝐶𝑇𝐸𝐺𝑅

(25)

ECTEGR = 12.853 x IMP𝑎𝑏𝑠 + 127.11

(26)

where,

Where, 𝐼𝑀𝑃𝑎𝑏𝑠 is the absolute intake manifold pressure [in bar]
The exclusion is implemented to exclude cold start engine operation as emissions are relatively
higher during the warm-up phase.
For engines utilizing exhaust gas recirculation (EGR) system to reduce NOx emissions, the
intake manifold temperature IMTNTE should be greater than the IMTEGR to be considered as a valid
NTE data point. The calculated NTE intake manifold temperature limit which is also a function of
absolute intake manifold pressure (in bar) [74].
𝐼𝑀𝑇𝐸𝐺𝑅 = 11.428 x (𝐼𝑀𝑃𝑎𝑏𝑠 ) + 88.571

(27)

The exclusion is implemented to protect the EGR system from fouling in cold environmental
conditions and from corrosion due to the exhaust gas condensation.
For engines equipped with oxidation catalyst for NMHC, or SCR or LNT for NOx reduction,
the exhaust temperature, 𝑇𝐸𝑥ℎ−𝑁𝑇𝐸 needs to be greater than 250 ℃ for the data to be considered as
a valid NTE data point for evaluation [75].
The exhaust temperature exclusion is implemented to evaluate emissions species measured
only when the exhaust temperature is near the light-off temperatures (250 ℃) of the aftertreatment
systems [76]. Conversion efficiencies typically achievable at light-off temperatures is greater than
50% [77].
A correction factor, called regeneration fraction (RF), exists for engine operation, that occurs
during the DPF regeneration. RF is used to modify the minimum NTE event duration limit . In this
study, RF was not implemented as specified in 40 CFR 86.1370, but test activity during the DPF
regeneration was excluded from the analysis [77].
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Any data point which include the PEMS zero-check activity was excluded from the analysis
[73]. A valid NTE event is defined as continuous engine operation for a minimum period of 30
seconds or greater in the NTE control area and satisfying the method defined exclusions [78].
Emissions are calculated by averaging the data collected during the valid NTE event.
The verification of in-use compliance of the engine is based on a time-weighted vehicle pass
ratio [VPR] which as stated in the 40 CFR 86.1912. The VPR is defined as the sum of time spent
within all NTE events which are below the applicable NTE threshold, and the sum of time spent
within all NTE events irrespective of the levels of emissions species.
𝑛

𝑝𝑎𝑠𝑠
∑𝑛=1
𝑡

𝑉𝑃𝑅 = ∑𝑛𝑡𝑜𝑡𝑎𝑙
𝑚=1

𝑡

(28)

According to the U.S. regulations, VPR should be equal or greater than 0.90 for each emissions
species to meet in-service compliance requirements [79].

3.3 Parametric Analysis
A parametric analysis was performed to investigate the impact and influence of modifying the
boundary parameters on number of work-based windows and window-averaged brake-specific
emissions as well as number of NTE events and event-averaged bsNOx emissions. To examine the
effect of varying boundary parameters, Design of experiments (DOE) methodology based on an
orthogonal fractional factorial design was used to generate the test matrix. JMP® software package
(SAS Institute Inc.) was used to generate the DOE screening design test matrix. A type of fractional
factorial DOE method, the screening response design was used to identify important factors
influencing the process output and to examine their level of significance on the response [80]. To
reduce the number of possible combinations, responses were considered only for a fraction of
varying input parameters and the design predicted the impact of varying thresholds.
JMP software uses coordinate exchange algorithm for the generation of the test matrix to
optimize the criterion. The design generation consists of an iterative process of testing each value
of the matrix. The algorithm initiates by randomly selecting values within the design matrix for
each factor and each run to construct the design. Further, the algorithm tests each value in the
matrix such that the current value of each varying factor is replaced by its two most extreme values.
The best fit criterion is computed for the two replacements. Relevant adjustments/tolerance values
are made to the algorithm to account for factor constraints, polynomial terms, and nominal factors
[80].
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In the parametric analysis, boundary parameters governing the two in-use testing
methodologies were altered and had a major impact on the emissions results. The ambient
thresholds were not altered because most of the in-use vehicle data used in the study were well
within the ambient conditions set forth by the regulation. However, exhaust temperature plays a
significant role in the performance of the NOx aftertreatment system. Hence, exhaust temperature
threshold was altered to analyze the effect of variation on NOx emissions.

3.3.1 WBW Parametric Analysis
The boundary parameters affecting the WBW calculations are the window size which is
defined as reference work of the engine, and the minimum average engine power threshold. For
Post 2010 engines, the performance of emissions aftertreatment system is dependent on exhaust
temperature for NOx reduction.
In the design matrix, the input parameters are segmented into multiple levels and are varied
over the range of operational thresholds. The three boundary parameters selected for the parametric
analysis to examine the combined boundary parameter effects are the reference work of the engine,
the exhaust temperature threshold and the minimum average power threshold.

Table 3.1: Work-Based Window Range of Boundary Parameters
Boundary Parameter
Reference Work (bhp-hr)
Exhaust Gas Temperature Threshold °C
Power Threshold (bhp)

Range
0.5 to 2.5 x Reference Cycle (FTP)
110°C to 300°C (at Outlet of SCR system)
0 to 30% of rated power

The Screening design approach was used to develop a fractional factorial DOE test matrix that
varied the reference work, exhaust gas temperature threshold and minimum average engine power
threshold. The goal was to determine the combined boundary parameter effects on the number of
windows, averaged bsNOx emissions, and the conformity factor.
To understand the change in NOx emissions as a function of reference work of the engine , the
reference work was increased in five steps from 0.5x to 2.5x the reference work computed over
the FTP certification cycle. The lower limit of the reference work (0.5x WRef) was computed to
quantify the effect of shorter target reference work. The exhaust gas threshold was altered from
110 °C to 300°C. The lower limit of the exhaust gas temperature threshold was set at 110°C to
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assess the implications of reduced aftertreatment activity during low exhaust gas temperature
operation which is typically experienced during low-load/ low-speed conditions. The exhaust
temperature threshold was increased in six steps up to 300°C. The threshold limits were split into
4 segments between 200°C and 300°C to closely analyze the implication of the threshold on NOx
emissions at or above the SCR light-off temperatures, as catalytic deactivation was observed to
take place in SCR systems at exhaust temperatures below 200°C due to decomposition of the
reducing agent over the substrate surface and pores [81]. The higher limit of the power threshold
was set to 30% of rated power to idealize the results based on comparison with NTE method which
defines the power threshold limit to 30% of rated power. The minimum average engine power
threshold was varied from 0% to 30% rated power in five equal intervals to examine the effect of
inclusion of low and medium power engine operation for evaluation. Table 3.2 shows that a total
of 14 combinations were generated by the DOE design over the range of varying boundary
parameters.
Table 3.2: Fractional factorial Design Matrix for WBW Parametric Analysis
Experiment
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Reference work [bhphr]
0.5 x Reference cycle
0.5 x Reference cycle
0.5 x Reference cycle
1 x Reference cycle
1 x Reference cycle
1 x Reference cycle
1.5 x Reference cycle
1.5 x Reference cycle
1.5 x Reference cycle
2 x Reference cycle
2 x Reference cycle
2 x Reference cycle
2.5 x Reference cycle
2.5 x Reference cycle

Exhaust Temperature
Threshold [°C]
110
200
300
110
200
275
225
250
275
110
250
300
200
225
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Power Threshold
[bhp]
30% of rated power
0% of rated power
7.5% of rated power
0% of rated power
30% of rated power
15% of rated power
22.5% of rated power
15% of rated power
7.5% of rated power
15% of rated power
22.5% of rated power
0% of rated power
22.5% of rated power
7.5% of rated power

3.3.2 NTE Parametric Analysis
The altered boundary parameters governing the NTE control area are engine speed, torque, and
power threshold. A fractional factorial matrix was used to study the interaction of varying NTE
control area boundary parameters on total number of NTE events and event-averaged bsNOx
emissions.
In the first stage, five experiments were conducted to validate the importance of the current
torque and power thresholds by individually eliminating them. At the same time, several
permutations, shown in Table 3.3, that involved removing torque, engine power and the control
area were analyzed and compared to the current NTE standards as per 40 CFR, Part 86.
Table 3.3: Test Matrix of NTE Control Area Boundary Parameters
Experiment
NTE as of CFR 86
NTE w/o T30 limit
NTE w/o P30 limit
NTE w/o T30 and P30 limit
Remove NTE control area

Speed [rpm]
n15
n15
n15
n15
-

Torque [ft-lb]
30% of peak torque
30% of peak torque
-

Power [bhp]
30% of rated power
30% of rated power
-

In the second stage, the boundary parameters that govern the NTE control area (i.e., speed,
torque, and power) were varied to analyze the level of significance of each boundary parameter.
The design matrix used analyzed the combined effect of modifying the minimum speed, torque
and power thresholds on the number of NTE events, brake-specific average event emissions and
time-weighted vehicle pass ratio.
Table 3.4: NTE Boundary Parameters and Range of Modifications
Boundary Parameter
Speed threshold [rpm]
Torque threshold [ft-lb]
Engine power threshold [bhp]

Range
5% to 15% of speed threshold (n)
5% to 30% of peak torque
5% to 30% of rated power

As seen in Table 3.4, each boundary parameter of the design matrix was evaluated at multiple
levels over the investigated range. The engine speed threshold which defines the lower speed
boundary of the NTE control area was varied between 5% and 15% at three levels. The different
speed levels refer to the multiplication factor in Equation 21 to calculate the lower speed boundary.
The change in the engine speed threshold investigated the effects of low-speed engine operation
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on NTE events and NOx emissions. The range of minimum torque and power thresholds governing
the NTE control area were between 5% to 30% of peak torque and rated power, respectively. The
default settings were modified to evaluate low-load engine operating conditions and their effect
on NOx emissions. To compare results to the WBW method, the minimum power threshold was
varied within the same domain between 5% and 30% in both the methods. It is to be noted that all
exclusions defined by 40 CFR Part 86 for the NTE emissions analysis method have been implied
for the calculations executed in the parametric analysis.

Table 3.5: Fractional factorial Design Matrix for NTE Control Area Parametric Analysis
Experiment
1
2
3
4
5
6
7
8
9

Speed Threshold
[rpm]
n10
n10
n10
n15
n15
n15
n5
n5
n5

Torque Threshold
[ft-lb]
15% of peak torque
30% of peak torque
5% of peak torque
15% of peak torque
30% of peak torque
5% of peak torque
15% of peak torque
30% of peak torque
5% of peak torque

Power Threshold
[bhp]
30% of rated power
5% of rated power
15% of rated power
5% of rated power
15% of rated power
30% of rated power
15% of rated power
30% of rated power
5% of rated power

The parametric analysis performed on the boundary parameters governing the NTE control
area, found that the torque and power thresholds had a major effect on the number of NTE events.
In the third stage, a parametric analysis was performed on varying the minimum torque, power
threshold and exhaust gas temperature threshold to analyze the combinational effect on number of
NTE events and event-averaged bsNOx emissions. According to research studies, exhaust gas
temperature can have a dominant effect on NOx reduction due to the use of NOx aftertreatment
systems for post-2010 engines [81]. Similar to the second phase of the NTE parametric analysis,
Table 3.6 shows that the engine torque and power threshold are varied between 5% to 30% of peak
torque and rated power respectively. The exhaust gas temperature threshold was varied between
110ºC and 250ºC.
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Table 3.6: Range of Modification of Parameters for NTE Analysis
Boundary Parameter
Torque threshold [ft-lb]
Engine power threshold [bhp]
Exhaust Gas Temperature Threshold °C

Range
5% to 30% of peak torque
5% to 30% of rated power
110°C to 300°C (at Outlet of SCR system)

The parametric analysis was performed over a range of specified parameters at multiple
sublevels. In order to determine the effect of interaction of parameters on the methodology, a total
of 14 experiments were included in the third analysis. Experiment 1 represented the current NTE
boundary parameters, Experiment 2 represents the enlarged control area (n15, T15, P15) which is
defined based on the results from NTE parametric study performed in 2nd stage with default
exhaust temperature threshold (250 °C), followed by 12 experiments developed by JMP over a
range of parameters as specified in Table 3.6.

Table 3.7: Fractional Factorial Design Matrix of NTE Method Parametric Analysis for
Varying Engine Torque, Power and Exhaust Temperature Thresholds
Experiment
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Torque Threshold
[ft-lb]
30% of peak torque
15% of peak torque
5% of peak torque
5% of peak torque
5% of peak torque
5% of peak torque
15% of peak torque
15% of peak torque
15% of peak torque
15% of peak torque
30% of peak torque
30% of peak torque
30% of peak torque
30% of peak torque

Power Threshold
[bhp]
30% of rated power
15% of rated power
5% of rated power
5% of rated power
15% of rated power
30% of rated power
5% of rated power
15% of rated power
30% of rated power
30% of rated power
5% of rated power
15% of rated power
15% of rated power
30% of rated power

Exhaust Temperature
Threshold (°C)
250
250
110
200
250
150
150
200
110
250
250
110
150
200

The 14 experiments were conducted with all exclusions as stated in 40 CFR Part 86, except for
varying exhaust gas temperature thresholds in experiments 3-14.

46

3.4 Identification of Optimum Range of Control Factors
The optimum range of control factor levels was determined based on the results obtained from
the parametric analysis. The orthogonality of the fractional factorial design matrix ensures that the
control factor effect is balanced and the mean of the control factor level is computed at fixed levels.
The response strength of the control factor at each investigated level was quantified by computing
the mean at each level based on the results from the parametric analysis [82].
1

𝑁(𝐸)

1

𝑁(𝐸)

𝑁𝑂𝑥𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝐹𝑎𝑐𝑡𝑜𝑟 𝐿𝑒𝑣𝑒𝑙 = 𝑁(𝐸) 𝑎𝑡 𝑒𝑎𝑐ℎ 𝑙𝑒𝑣𝑒𝑙 ∑𝑖=1 𝑁𝑂𝑥𝑖
𝑁(𝐴𝑊) 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝐹𝑎𝑐𝑡𝑜𝑟 𝐿𝑒𝑣𝑒𝑙 = 𝑁(𝐸) 𝑎𝑡 𝑒𝑎𝑐ℎ 𝑙𝑒𝑣𝑒𝑙 ∑𝑖=1 𝑁(𝐴𝑊)𝑖

(29)
(30)

where, N(E) is the number of levels and
N(AW) is the number of the averaged windows/events
The actual control factor effect is determined by its deviation from the overall mean.
∆𝑁𝑂𝑥𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 𝑙𝑒𝑣𝑒𝑙 = 𝑁𝑂𝑥𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 𝑙𝑒𝑣𝑒𝑙 − 𝑁𝑂𝑥𝑒𝑥𝑝

(31)

The control factor level which illustrates higher deviation from the calculated overall mean is the
desired span of optimal settings for the methods.

3.5 Analysis of Variance (ANOVA)
Analysis of variance (ANOVA) is a fundamental tool to identify the significance and strength
of each boundary parameter (i.e., control factor) effect. ANOVA can identify variations in the
data and factor the contribution attained from the parameter interactions and experimental errors.
The significance of each factor effect is assessed by comparing the variance associated between
the control factor effects to the variance within the experimental data which includes the
interactions among the control factors. Using the sum of squares technique, the mean of all the
control factor responses was assessed as a reference value to evaluate the deviation of the control
factors at varying levels.
The sum of squares due to variation about the mean of the control factor is given as follows:
𝑁(𝐸)
𝑆𝑆𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝐹𝑎𝑐𝑡𝑜𝑟 = ∑𝑖=1 ( 𝑁𝑂𝑥𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 𝑙𝑒𝑣𝑒𝑙 − 𝑁𝑂𝑥𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 )2
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(32)

𝑁(𝐴𝐸)

𝑇𝑜𝑡𝑎𝑙 𝑆𝑆 = ∑𝑖=1 ( 𝑁𝑂𝑥𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 𝑙𝑒𝑣𝑒𝑙 − 𝑁𝑂𝑥𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 )2

(33)

To assess the significance of the boundary parameter (control factor), the sum of squares of each
control factor was then compared with the overall sum of squares of all control factors.

𝑆𝑆𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝐹𝑎𝑐𝑡𝑜𝑟 % =

𝑆𝑆𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝐹𝑎𝑐𝑡𝑜𝑟
𝑇𝑜𝑡𝑎𝑙 𝑆𝑆

x 100

(34)

An F-statistical analysis tested the equality of means between independent groups of data. The
test statistic, calculated represents the ratio of two scaled sum of squares describing the variability
between the boundary parameters (control factors) and variability within the boundary parameters
(control factors) [82]. The test can be used to determine if the expected values of a quantitative
variable differ from each other within the pre-defined groups.

F=

Variability between control factors

(35)

Variability within control factors

Variability between the control factors = ∑𝐾
𝑖=1
𝑛

̅𝑖 − 𝑌̅ )2
𝑛𝑖 (𝑌

𝑖
Variability within the control factors = ∑𝐾
𝑖=1 ∑𝑗=1
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(𝐾−1)

(36)

2

̅̅̅
̅𝑖 )
(𝑌
𝑖𝑗 − 𝑌
(𝑁−𝐾)

(37)

4 Results and Discussion
Results from this research are split into five parts. The first part provides an overview of the
datasets in terms of operational characteristics. The second and third part discusses the WBW and
NTE analysis results. The fourth part presents a comparison of brake-specific emissions for each
method. Finally, the fifth part discusses the results of the parametric analysis of WBW and NTE
method analysis. The results of the parametric analysis were used to determine the optimal
combinations of boundary parameters that would achieve lower bsNOx emissions as well as an
increase in the usable amount of acquired data for analysis. The data files used in this study were
a part of the HDIUT data analysis project. The 1Hz datafiles were provided by different engine
manufacturers. The data is obtained from engines during their regular on-road duty-cycles (i.e.,
typically highway driving operation). The WBW analysis was performed with all exclusions
applicable to the method as defined by EU EC No. 582/2011. Similarly, NTE analysis was
performed with all applicable exclusions as defined by 40 CFR, Part86, 1370-2007.

4.1 Overview of Datasets
The research is focused on data collected from HDD powered vehicles typically designed for
long haul highway operation. The vehicles selected for this analysis comprise of engines with
different power rating. Table 4.1 presents an overview of the engine information.
Table 4.1: Test Vehicle Engine Information
Test Vehicle

Engine Approximate

Emissions

Model

Rated Power (HP)

Control Devices

year

1

A

230

DPF/ EGR

Pre-2010

2

B

612

DPF/ EGR

Pre-2010

3

C

325

DPF/SCR/EGR

Post-2010

4

D

410

DPF/SCR/EGR

Post-2010

5

E

430

DPF/SCR/EGR

Post-2010

6

F

530

DPF/SCR/EGR

Post-2010
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Figure 4.1: Time-Weighted Engine Power Distribution of 6 Different Datasets
Figure 4.1 provides an overview of time-weighted engine power distribution of all datasets
used in this research study including pre-2010 (left side of the graph) and post-2010 engines (right
side of the graph). Few datasets comprised of a large percentage of engine idle operation during
the test which resulted in an increase in bsNOx emissions. This is mainly due to the reduced activity
aftertreatment which is typically experienced during engine idle operation.
On average, only 33% of the test activity during the in-use emissions tests exhibited engine
operation above 30% of rated power. Therefore, a major amount of data would have been
eliminated from NTE analysis because of the minimum power threshold defined by the method
(i.e., 30% of rated power). The WBW method can be implemented to characterize some of the
emissions produced during low-load engine activity. The method eliminates windows whose
average window power is less than the minimum power threshold (20/15% cut off). Upon
elimination of windows below the minimum power threshold, windows which include a proportion
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of lower load engine operation may exhibit an increase in brake-specific NOx emissions. This is
due to inefficiency of the aftertreatment system in NOx reduction during low load engine
operations where the exhaust gas temperature is relatively lower.
Table 4.2: Average Time-Weighted Power Distribution with Average Size and Standard
Deviation for Pre-and Post-2010 engines

Engine off
Engine Idle

0.08 - 0.3
5.1 - 29.8

Average
(%)
0.2
17.4

Power ≤ 30%

29.6 - 81.6

55.6

36.8

30% > Power ≤ 60%
Power > 60%

5.3 - 18.6
7.6 - 21.8

12
14.7

9.5
10

Engine off
Engine Idle

0.0 - 12
12.6 - 41.3

3.2
26.5

6.2
13.9

Power ≤ 30%

7.2 - 52.2

34.2

19.3

30% > Power ≤ 60%

10.12 41.3
6.4 - 16.3

25

13.2

11

4.5

Range (%)

Pre-2010
engines

Post-2010
engines

Power > 60%

Standard
deviation (%)
0.2
17.5

Table 4.2 presents the overall power distribution of engine operation for pre-and post-2010
datasets along with the global-power bin size, standard deviation for each power group, includes
the amount of operation in engine idling condition during the in-use emissions test.
Figure 4.2 shows the time-weighted vehicle speed distribution of all datasets used in this
research study including pre-2010 (left side of the graph) and post-2010 engines (right side of the
graph). The test activity was classified into vehicle speed bins based on the speed based distribution
requirements described in EU EC No. 582/2011 [15]. The speed bins were classified as ‘urban
driving’ if the engine operated at vehicle speeds up to 50 km/hr (~31 mph), ‘rural driving’ if the
engine was engine operated at vehicle speeds between 50 km/hr (~31 mph) and 75 km/hr (~46.6
mph), and ‘highway driving’ if the engine was operated engine operation at vehicle speeds above
75 km/hr (~46.6 mph).
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Figure 4.2: Time-Weighted Speed distribution of 6 different datasets; Urban driving:
vehicle speed<31mph, Rural driving 31mph < vehicle speed≤46.6mph, Highway driving:
vehicle speed > 46.6mph
Most datasets were made of highway operation. Only dataset 1 (Test Vehicle-1) showed
dominant urban vehicle-driving operation. It must be noted highway operation dominates the
datasets used in this study. This may restrict the conclusions based on the parametric analysis to
be valid only for the specific range of operational characteristics and might vary from data across
all types of vehicle operation.

4.2 Work-Based-Window (WBW) Analysis
WBW calculates brake-specific emissions for the entire range of engine operation. To reduce
a 1hz data file into work windows, the (WBW MATLAB script) calculated the instantaneous
engine power using ECU’s engine speed (in rpm) and torque (ft-lb). The power was timeintegrated until the integral reaches the reference work of the engine, and then continued until the
amount of work produced in a window was less than the target reference work of the engine. The
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program identified columns containing the emissions mass rate in g/s and summed the emissions
data (CO, CO2, THC, humidity corrected NOx) to obtain the emissions mass per window. The
resulting mass was then divided by the total work of the window to calculate brake-specific level
of the emissions species. This method incorporated various exclusions based on the ambient
pressure, temperature, engine coolant temperature, and the minimum average window power
threshold for classification of emissions based on the valid-windows criterion.

4.2.1 Reference Work Calculation
The reference work of each engine was calculated by interpolating the certification cycle’s
percent speed and torque points over the engine lug curve’s data (engine speed in rpm and torque
in ft-lb). The total work generated by the engine in a certification cycle was the reference work of
the engine. The value served as a target to be reached for the work-window calculations. A Matlab
script was developed to determine the reference work of the engine. To determine the reference
work of the engine, the rated speed of the engine was calculated based on the calculations
methodology specified in 40 CFR, Part 1065. 610.
The power generated over the certification cycle was calculated for each speed and torque set
point. The power is calculated for each set point and is integrated over the certification cycle to
determine the total brake-specific work produced by the engine.

Power (HP) =

Engine Speed (RPM) x Engine Torque (ft−lb)

(38)
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Table 4.3: Rated Speed and Reference Work of all Engines
Engine

Rated Speed
(rpm)

Reference Work
FTP Cycle (bhp-hr)

Reference Work
WHTC Cycle (bhp-hr)

Model
Year

A

2379.95

15.94

20.92

Pre-2010

B

1915.45

41.53

50.33

Pre-2010

C

2602.74

21.05

24.50

Post-2010

D

1861.97

28.12

36.80

Post-2010

E

2096.53

30.20

42.62

Post-2010

F

1926.91

38.46

52.78

Post-2010
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In order to provide means of comparison between emissions results produced on different
certification cycles, work based window calculations were performed on FTP test cycle (i.e., U.S.
certification cycle) and WHTC test cycle (i.e., European certification cycle).

4.2.2 WBW Results
The WBW method uses a moving-average window approach to integrate the in-use emissions
data over the entire range of engine operation based on the reference work of the engine during the
in-use test. The emissions were classified over multiple subsets of data whose length was
determined by the time taken by the engine to reach the reference target value throughout the test.
This resulted in a large number of work windows. The windows whose average power was below
the minimum power threshold as specified in Chapter 3.1 were invalidated. This approach removed
windows generated during extreme low-load or idle operation that may increase the inaccuracy in
the results. The averaged emissions are computed by calculating the mean of all valid work
windows. All work-based window exclusions as specified in Chapter 3.1 were implemented for
this analysis. It must be noted that windows generated during low-power engine operation
presented the results were representative of windows with power between the minimum power
threshold (20/15% cut off) and 30% of the rated power.
Figure 4.3 represents the number of work windows and their respective average brake-specific
emissions based on the average power distribution of valid work windows (i.e., at FTP reference
work). To investigate the emissions trend for varying operational power range, average emissions
were further classified based on low, medium and high power engine operation. Test vehicle 1 and
2 are representative of pre-2010 engines, certified for 2007 emissions standards. During the in-use
emissions test, Test vehicle 1 operated at low-load conditions for a majority of the time, generated
a large number of low-load work windows. Similarly, Test vehicle 2 had a large portion of engine
idling operation during the in-use emissions test, which resulted in an increase in the NOx
emissions produced compared to on-road highway operation. The elevated amount of NOx
emissions resulted in fewer medium-power and numerous low-power work windows. During this
period the intake-EGR temperature remained constant or was at lower temperature levels relative
to the ambient temperature. It was found that during idle or low-load engine operation, the NOx
emissions, and the exhaust flow increased probably due to the temporary deactivation of the EGR
system and changes in the engine control strategy.
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Figure 4.3: Comparison of Window Power distribution based on number count and
average window emissions (FTP reference work) of valid windows for 6 vehicles including
data from 2 pre-2010 HDD engines
For Post-2010 engines, the emissions were generally near or within the certification standards
for test vehicle 3, 4 and 6. The reason was that a majority of engine operation was at medium and
high load where the exhaust aftertreatment system performs efficiently due to the optimum range
of exhaust temperatures which increase the NOx conversion efficiency. At high power engine
operation, test vehicle 3 generated only two work windows, so the NOx emissions were relatively
close to the average emissions at medium-load operation. Only work windows generated during
low-power engine operation exhibited relatively higher bsNOx emissions. During this period of
engine operation, exhaust temperatures were relatively lower in comparison to temperatures during
medium/high power engine operations, which reduced the NOx conversion efficiency of the SCR.
Thus, a rise in bsNOx emissions was observed in windows during idle and low power engine
operation.
Test vehicle 5 and 6 had a higher idle and low power engine activity. As a result, a majority of
windows are eliminated due to the minimum power threshold for Test vehicle 5 and the remaining
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windows (low load/power criterion) exhibit higher brake-specific emissions. During this period,
the overall number of windows generated was low, which eventually leads to an increase in the
bsNOx emissions.

Table 4.4: Average Brake-Specific Work-Window Emissions (FTP Reference Work)
Average brake-specific emissions (g/bhp-hr)
Test
Vehicle

Engine

Model
Year

Number
of Valid
windows

CO

CO2

THC

NOx

NOx +
NMHC

1

A

Pre-2010

9916

0.27

619.67

0.06

1.47

1.54

2

B

Pre-2010

26477

0.48

517.85

0.0049

1.81

1.81

3

C

Post-2010

17845

0.30

543.12

0.01

0.15

-

4

D

Post-2010

13297

0.13

596.16

0.0129

0.09

-

5

E

Post-2010

22730

0.59

501.41 0.000009

0.33

-

6

F

Post-2010

12164

0.028

566.46

0.12

-

0.003

WBW emissions data was classified over multiple subgroups that produced a large number of
work window samples. The box plots in Fig. 4.4 show the 10th and 90th percentile (i.e., lower and
upper quartile) of the emissions data. The 50th quartile is represented as a straight single line in the
box plot between the 10th and 90th percentile. The whiskers indicate the highest and lowest
emissions values of the work windows that are within 1.5 times the interquartile bounds of the box
plot. The whiskers represent approximately 99.3% coverage of the overall window emissions
assuming a normal distribution of data. Any window emissions outside the specified range are
represented as outliers (green points), defined as:
𝑂𝑢𝑡𝑙𝑖𝑒𝑟 + = 𝑞90 + 1.5 x ( 𝑞90 − 𝑞10 )

(39)

𝑂𝑢𝑡𝑙𝑖𝑒𝑟 − = 𝑞90 − 1.5 x ( 𝑞90 − 𝑞10 )

(40)
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Figure 4.4: Work-Window Emissions Distribution (FTP Reference Work) of valid work
windows for 6 vehicles including data from 2 pre-2010 HDD engines

WBW emissions showed a skewed distribution with longer whisker tails towards higher brakespecific emissions, probably due to the inclusion of low-power windows close to the minimum
power threshold. Test vehicle 1 and 6 had window emissions that were outside the specified
quartile bounds. The outliers were characterized by a significant amount of low-load/ low-power
operation. Test vehicles 3, 4 and 6 are within the reported certification levels for NOx emissions
outlined in Table 4.4.
The upper bounds of the outliers are predominantly modified to 90th percentile to provide
means of conformity factor based on European regulations, which state that 90th cumulative
percentile of the scaled conformity factor should not exceed 1.5 to meet in-service compliance
requirements. The VPR was computed as the ratio of total number of valid windows whose scaled
conformity factor of individual emissions constituents is less than 1.5, and the total number of
valid windows generated.
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Table 4.5: Vehicle Pass Ratio for Work-Based Window calculations (FTP Reference Work)
based on Conformity Factor for in-service compliance
Test
Vehicle

Engine

Model
Year

CO

CO2

THC

NOx

NOx +
NMHC

1

A

Pre-2010

1

0.92

1

-

0.91

2

B

Pre-2010

1

1

1

-

0.85

3

C

Post-2010

1

1

1

0.90

-

4

D

Post-2010

1

1

1

0.96

-

5

E

Post-2010

1

1

1

0.74

-

6

F

Post-2010

1

1

1

0.90

-

Figure 4.5: Work-Window Emissions Distribution (FTP Reference Work) for Test Vehicle
3
Figure 4.5 presents the WBW emissions data for test vehicle 3. CO2 emissions was scaled by
a factor of 1000. It was found that outliers in Fig. 4.5 was mainly due to the spikes in the emissions
measurement during periods of extreme low-load engine and extended idle operation. CO

58

emissions increased during this type of operation and at the same time, bsCO2 emissions and
exhaust temperature were relatively constant for these windows.

Figure 4.6: Brake-specific CO emissions and Average Exhaust Temperature of all valid
work windows for Test Vehicle 3 (FTP Reference Work)
Figure 4.6 shows that bsCO emissions and exhaust temperature over all valid windows (i.e.,
FTP Reference work) for test vehicle 3. The rise in CO emissions was possibly due to the DOC
inefficiency during periods of low-load/ low-power operation. It can be noticed that the average
exhaust temperature is nearly constant. Test vehicle 5 and 6 had a similar trend for CO emissions
as test vehicle 3.
WBW calculations were also performed using the European certification cycle. Figure 4.7
shows the number of work windows and respective average brake-specific emissions based on the
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average power distribution of valid work windows (WHTC Reference work). Analogous to the
results presented in Fig. 4.3, a similar trend of average emissions is observed upon power
distribution based on WBW emissions calculations performed for both the FTP certification cycle
and WHTC certification cycle.

Figure 4.7: Comparison of work-window number count and average window emissions
(WHTC reference work) of valid windows based on window power distribution for 6
vehicles including data from 2 pre-2010 HDD engines
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Table 4.6: Average Brake-Specific Work-Window Emissions (WHTC Reference Work)
Average brake-specific emissions (g/bhp-hr)
Test
Vehicle

Engine

Model
Year

Number
of Valid
windows

CO

CO2

THC

NOx

NOx +
NMHC

1

A

Pre-2010

8868

0.28

611.19

0.04

1.44

1.47

2

B

Pre-2010

25418

0.48

517.39

0.00

1.80

1.81

3

C

Post-2010

16343

0.30

541.81

0.01

0.15

-

4

D

Post-2010

11880

0.13

595.26

0.01

0.09

-

5

E

Post-2010

20841

0.60

501.08

0.00

0.32

-

6

F

Post-2010

10873

0.03

562.07

0.00

0.10

-

Comparing the results based on the U.S. and European certification cycles, it can be observed
that on an average, the European certification cycle had a decrease of 5.78% and 2.11% in the
number of work windows and average bs(NOx + NMHC) emissions for pre-2010 engines. For
post-2010 engines, a mean reduction of 8.37% and 0.60% in the number of work windows and
bsNOx emissions was observed. Generally, the reference work of the engine based on the European
certification cycle is higher than that of the FTP certification cycle. For the test vehicles used in
this research study, the European certification cycle was 1.16x to 1.41x than that of the FTP
certification cycle. The decrease in the number of work windows was due to the increase in the
window range throughout the test. Based on the results from the comparison of number of work
windows generated and bsNOx/bs(NOx +NMHC) emissions of both certification cycles, a baseline
assumption for the work window parametric analysis was inferred.
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Table 4.7: Vehicle Pass ratio for Work-Based Window calculations (WHTC Reference
Work) based on Conformity Factor for in-service compliance
Test
Vehicle

Engine

Model
Year

CO

CO2

THC

NOx

NOx +
NMHC

1

A

Pre-2010

1

1

1

-

0.99

2

B

Pre-2010

1

1

1

-

0.89

3

C

Post-2010

1

1

1

0.93

-

4

D

Post-2010

1

1

1

0.99

-

5

E

Post-2010

1

1

1

0.72

-

6

F

Post-2010

1

1

1

0.90

-

More, the WBW calculations based on the European certification cycle had a higher VPR and
lower averaged emissions for valid windows due to an increase in the averaging period. However,
the VPR based on work-window calculations of the European certification cycle showed a similar
trend as work-window calculations of the FTP certification cycle.

4.3 Not-To-Exceed Region Results
4.3.1 NTE Emissions Limit
The Not to exceed emissions standards are determined based on the NTE multiplier, accuracy
margin and compliance margin for in-use emissions compliance.
𝑁𝑇𝐸𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = ( 𝐶𝑒𝑟𝑡. 𝑆𝑡𝑑 x 𝑁𝑇𝐸𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑒𝑟 ) + 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 𝑀𝑎𝑟𝑔𝑖𝑛 + 𝐶𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 𝑀𝑎𝑟𝑔𝑖𝑛
(41)

The NTE multiplier is a factor used to determine the emissions threshold. The accuracy margin is
an additive factor that balances the threshold for reduced accuracy of the emissions measuring
device. The estimated value was based on comparisons between the in-use emissions measurement
device and the laboratory grade analyzers [1].
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Table 4.8: NTE Parameters to determine in-use emissions threshold [1]
Pollutant

Engine

Cert.

NTE

Accuracy

Compliance

Odometer

Model Year

Standard

Multiplier

Margin

Margin

Reading

1.5

0.45

0.15

>110,000
&

[g/bhp-hr]
NOx + NMHC

2007-2009

≤ 1.30

per
§86.007-

<185,000

11(a)(4)(i)(A)
NOx

2010 and

0.20

1.5

Later

0.15

0.15

>110,000
&

per
§86.007-

<185,000

11(a)(4)(i)(A)

4.3.2 Time-weighted vehicle pass ratio
The vehicle pass ratio is defined as the ratio of the sum of time spent within all NTE events
which are below the applicable NTE threshold, and the sum of time spent within all NTE events
irrespective of the levels of emissions species.
𝑛

𝑝𝑎𝑠𝑠
∑𝑛=1
𝑡

𝑉𝑃𝑅 = ∑𝑛𝑡𝑜𝑡𝑎𝑙
𝑚=1

(42)

𝑡

The vehicle pass ratio accounts for a set of restrictions that are applicable for the duration of the
NTE event. The duration of the NTE events that are 10x longer than the shortest NTE event or
greater than 600s are required to be set to the shortest value of the two conditions mentioned earlier
for the calculation of the VPR [80].

Table 4.9: Illustration of NTE Event duration restriction for VPR Calculations [80]
NTE EVENT

NTE EVENT

DURATION LIMIT APPLIED

DURATION

VPR
MODIFIED
DURATION

1

45

No

45

2

168

No

168

63

3

500

Yes, 10 times shortest valid NTE

450

4

605

Yes, 10 times shortest valid NTE

450

5

65

No

65

The event-based time restrictions for the calculation of VPR were implemented to reduce the
importance given to the longer-duration NTE events. The majority of the duration of the NTE
events were typically shorter in length [80].

4.3.3 Not-To-Exceed (NTE) Emissions Calculations
NTE emissions were calculated based on the conventional 30-second window approach with
all exclusions applied as per 40 CFR Part 86.1370 based on the engine operation within the NTE
Control area. Based on the amount of exclusion and limited operational control area for evaluation
of in-use emissions data, NTE method utilizes less amount of test activity data for quantification
of in-use compliance. It must be noted that NTE method does not include a large amount of engine
idle and low power operational data due to the minimum power threshold exclusion as prescribed
in the regulations. This accounts to be one of the main disadvantage to the method as it does not
incorporate the entire range of engine operation for evaluation of emissions data.
Figure 4.8 illustrates a comparison of the number of NTE events and average brake-specific
NOx / (NOx + NMHC) emissions for post and pre-2010 engines respectively. Based on the NTE
calculations, the brake-specific NOx / (NOx+ NMHC) emissions obtained were within the range
of the NTE emissions threshold. For all post-2010 engines, the average brake-specific emissions
results were below the FTP certification standards as well.
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Figure 4.8: Comparison of number of NTE events and brake-specific NOx/(NOx+NMHC)
emissions (g/bhp-hr)
For pre-2010 engines (test vehicle 1,2) the average brake-specific (NOx+NMHC) emissions
were relatively higher than the FTP certification standard but were below the NTE emissions
threshold level, probably due to the large number of low engine work NTE events.
Table 4.10 shows a summary of the event-averaged emissions data calculated using the NTE
methodology. Both the pre-and post-2010 engines exhibit bsNOx/ bs (NOx +NMHC) emissions
below the NTE emissions threshold limit which is used for in-use compliance.

Table 4.10: NTE Event Averaged Emissions
Average brake-specific emissions (g/bhp-hr)
Test
Vehicle

Engine

Model
Year

Number
of NTE
events

CO

CO2

THC

NOx

NOx +
NMHC

1

A

Pre-2010

6

0

630.78

0.002

1.402

1.404

2

B

Pre-2010

206

0.386

510.674

0.004

1.722

1.726

65

3

C

Post-2010

70

0.255

530.935

0.006

0.112

-

4

D

Post-2010

49

0.078

573.778

0.009

0.011

-

5

E

Post-2010

37

0.601

514.142

0

0.152

-

6

F

Post-2010

41

0.007

547.882

0.001

0.064

-

The vehicle pass ratio is computed based on time-weighted event duration restriction guidelines
specified in 40 CFR, § 86.1912.
Table 4.11: Time weight NTE Vehicle Pass Ratio
Test
Vehicle

Engine

Model
Year

CO

CO2

THC

NOx

NOx +
NMHC

1

A

Pre-2010

1

0.11

1

1

1

2

B

Pre-2010

1

1

1

0.98

0.98

3

C

Post-2010

1

1

1

1

-

4

D

Post-2010

1

0.80

1

1

-

5

E

Post-2010

1

1

1

1

-

6

F

Post-2010

1

1

1

1

-

All vehicles pass the emissions compliance test for all emissions species, except CO2 emissions
for test vehicle 1 and 4. The certification standard for CO2 was 475 g/bhp-hr because of which it
was observed that most of the NTE events for Test vehicle 1 and 4 had elevated levels of CO2
emissions and were above the NTE emissions threshold.

4.4 Comparison of WBW and NTE results
A comparison of average bsNOx/bs(NOx+NMHC) emissions results using the WBW (FTP
Reference work) and NTE method was performed to analyze the variation in emissions results
based on the previously defined exclusion criterion.
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Figure 4.9: Comparison of average brake-specific (NOx+NMHC) emissions of NTE events
(red symbols) and WBW-FTP Reference work (blue symbols) for all Pre-2010 engines
Figure 4.9 and 4.10 show a comparison between average bs(NOx+NMHC) emissions and
average bsNOx emissions for pre-2010 and post-2010 engines respectively, “with exclusions”
applied (filled red triangles) and “without applying exclusions” (empty red triangles). Similarly,
WBW average bsNOx/bs(NOx+NMHC) emissions were displayed for “all the windows” (empty
blue circles) and all the “valid windows” (filled blue circles). Valid work-based windows had
average power above 20% of the rated power (i.e., above the power threshold exclusion for
classification of emissions data from work windows used for in-service conformity).
A comparison of brake-specific emissions based on the exclusion criteria was performed to
identify the impact of ambient conditions and exclusion parameter on the mean bs(NOx+NMHC)
emissions during the NTE events. The analysis found that no significant difference in average
bs(NOx+NMHC) emissions for NTE events “with” and “without” exclusions applied for pre-2010
enignes. Compared to the WBW method, it was found that the use of all generated work-windows
(which included a large number of low-power engine windows) resulted in a significant change in
average emissions compared to using only valid work windows for test vehicle 2. For test vehicle
1, the change in bs(NOx+NMHC) emissions between valid-only and all work windows was small
because of the majority of engine operation was mostly between 10% - 30% of rated engine power,
which reduced the difference. The average bsNOx emissions changed mostly based on the number
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of work windows generated because average brake-specific emissions are calculated for each
individual window.
Similar to Fig. 4.9, Fig. 4.10 shows a comparison of average bsNOx emissions between NTE
and WBW for post-2010 engines, with and without the exclusion criteria applied. A significant
change was observed in the overall average bsNOx emissions of all post-2010 datasets between
valid-only and all generated windows which was due to the inclusion of windows comprising
emission data of low-load/ low-power engine operation. It is of importance that most of the post2010 engines exhibited an increased amount of low-load/ low-power engine operation during the
in-use emissions test which was the main reason for the change in the average bsNOx emissions.

Figure 4.10: Comparison of average brake-specific NOx emissions of NTE events (red
symbols) and Work-based window-FTP Reference work (blue symbols) for all post-2010
engines
Furthermore, it can be observed that if the NTE exclusions are not applied, bsNOx emissions
increased by 34.74% upon comparison to those when the exclusion criteria were applied. The
increase in bsNOx emissions without exclusion was mainly due to the method-defined exclusion
(i.e., intake manifold temperature and exhaust aftertreatment). But, it must be noted that the
exclusion condition does not significantly reduce the event-averaged bsNOx emissions for most of
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the post-2010 engines. This can be explained by the fact that low-load/ low-power engine operation
below 30% of max. torque and power was excluded by the boundaries of the NTE control area for
both with and without exclusion analysis.
Figure 4.11 shows a comparison between the number of windows/events generated and brakespecific emissions of WBW and NTE method for bsNOx emissions (bs(NOx+NMHC) emissions
for pre-2010 engines). For this plot, the number of generated work-windows was scaled by a factor
of 100.

Figure 4.11: Comparison of number of work windows/ NTE events and brake-specific NOx
/ (NOx+NMHC) emissions of WBW( FTP Reference Work) and NTE calculations for all 6
Test vehicles including (2 pre-2010 engines)

Figure 4.11 shows that bsNOx/bs(NOx+NMHC) emissions based on the NTE method were
well within the NTE emissions threshold levels. Most of the data acquired was for engine operation
above 30% of maximum torque and power. The reduction in emissions was obtained only because
of the elimination of the low-load/low-power engine operation, which typically produces relatively
higher NOx emissions. In comparison, bsNOx/bs(NOx+NMHC) emissions calculated using WBW
method were relatively higher as the WBW method only eliminates windows whose average power
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is below 20% of the rated power. The increase in bsNOx/bs(NOx+NMHC) emissions is due to the
impact of windows representative of the low- and medium-load and power engine operation which,
typically include higher emissions values. However, the emissions were averaged over a longer
period of engine operation until the desired target was reached. For pre-2010 engines, test-vehicles
1 and 2 exhibited higher bs(NOx+NMHC) window-averaged emissions for work-window results,
probably due to the inclusion of higher amount of low-load/low-power and idle operation. In
comparison, NTE event- averaged bs(NOx+NMHC) emissions were within the applicable NTE
emissions threshold. It is important to be highlighted that all post-2010 engines except test-vehicle5 were within the certification standards. Upon further investigation, it was found that test-vehicle5 generated few windows/events which comprised of higher NOx concentrations and exhaust gas
temperatures. These windows/events generated was for test activity immediately after a DPF
regeneration event, but NOx emissions and exhaust temperature were representative of that during
the DPF regeneration event. Based on the analyzer flag check, it was observed that during the
higher concentrations of NOx emissions and exhaust temperature, the “DPF flag” of the analyzer
was set to zero during test activity captured during these windows/events.

4.5 Parametric Analysis Results
This section comprises of results based on the parametric analysis performed on the boundary
parameters to analyze the effect of variation on the number of windows/events generated and its
corresponding bsNOx/ bs(NOx+NMHC) emissions.

4.5.1 Work-Based-Window Method Analysis
This section discusses the impact of altering the boundary parameters governing the WBW
method on the number of work windows and window-averaged bsNOx emissions. The window
size (reference work produced over FTP cycle), the exhaust gas temperature threshold and the
minimum average power cut-off were the three boundary parameters considered for the parametric
analysis as discussed in Section 3.3.1. The exhaust gas temperature threshold is not part of the
official European regulations for in-service conformity of heavy-duty vehicle. However, it was
included in the parametric analysis to help comparing the results to the U.S. NTE method, which
includes the exhaust gas temperature exclusion. Ambient and engine operational condition
exclusion were implied in the parametric analysis as per EU EC No.582/2011. The exclusions have
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a small-scale effect on the number of work windows and window-averaged bsNOx emissions
because they are not greatly changed in the parametric analysis. For the reference work of the
engine, the parametric analysis was performed based upon variations of the work produced by the
engine over an FTP cycle.
The first part of the section discusses the individual impact of the boundary parameters to
analyze the effect of change. Figures 4.12-4.14 show of the comparison of the number of work
windows and window-averaged bsNOx emissions (i.e., bs(NOx+NMHC) emissions for pre-2010
engines) when each individual boundary parameter was changed over a specific range. For each
of these three figures, the top plot presents the total number of work windows, the middle plot
shows the bs(NOx+NMHC) emissions for pre-2010 engines and the bottom plot presents the
bsNOx emissions for post-2010 engines. The empty symbols represent the individual results for all
test vehicles while the filled symbols show the average value for all the tested vehicles.

Figure 4.12: Comparison of total number of work windows and window averaged brakespecific NOx emissions as a function of varying reference work over FTP cycle
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Figure 4.12 shows an increase in the reference work of the engine that led to a continuous
decrease in the overall number of work windows. The evaluation of emissions performed at a
higher WRef led to an increase in the averaging period of the window. For post-2010 engines,
increasing the WRef to 1.5 x Reference Work corresponding to the FTP Cycle caused a decrease in
the bsNOx emissions by 41%. At 1.5 x WRef, the average bsNOx emissions was below the U.S.
EPA 2010 emissions standards for post-2010 engines. However, incorporating a higher WRef
would not be ideal for test activity operation that includes lower-load engine operation because of
the decreased number of work windows.

Table 4.12: Comparison of Percentage change of total number of work windows and
window-averaged bsNOx emissions of varying reference work with respect to default
window size (1 x WRef) for Post-2010 engine; FTP Reference cycle
Reference
Work

Number of
Work windows

% Difference

bsNOx
% Difference
emissions

0.5 x WRef

25885

30

0.5323

78

1 x WRef

19912

Reference

0.2979

Reference

1.5 x WRef

14761

-26

0.1747

-41

2 x WRef

12401

-38

0.1615

-46

2.5 x WRef

10122

-49

0.1539

-48

3 x WRef

8182

-58

0.1519

-49

Table 4.13: Comparison of Percentage change of total number of work windows and
window-averaged bsNOx emissions of varying reference work with respect to default
window size (1 x WRef) for Pre-2010 engine; FTP Reference cycle
Reference
Work

Number of
Work windows

% Difference

0.5 x WRef

28481

22

2.0526

8

1 x WRef

23411

Reference

1.9042

Reference

1.5 x WRef

18665

-20

1.7071

-10

2 x WRef

14493

-38

1.6775

-12

2.5 x WRef

12061

-48

1.6577

-13
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bsNOx
% Difference
emissions

3 x WRef

10291

-56

1.6555

-13

For post-2010 engines, decreasing the reference work to 0.5-x-WRef increases the number of
work windows and bsNOx emissions by 30% and 78%, respectively, due to the shorter target
reference work and shorter averaging period. Similarly, for pre-2010 engines, it causes an increase
in the number of work windows and bs(NOx+NMHC) emissions by 22% and 8% respectively. On
the other extreme, increasing the reference work to 3-x-WRef causes a decrease in the number of
work windows by 58% and 56% for post-2010 and pre-2010 engines, respectively. At the same
time, it causes a decrease in bsNOx and bs(NOx+NMHC) emissions by 49% and 13% for post2010 and pre-2010 engines respectively. Based on average number of work windows and bsNOx
emissions, it was found that increasing the window size between 1x to 2x WRef will be ideal to
maintain a balance between the number of work windows and bsNOx emissions (bs(NOx+NMHC)
emissions for pre-2010 engines). Increasing the reference work above 1.5 x Reference Work (FTP
Cycle) does not significantly affect the bsNOx emissions, but reduces the number of work
windows.
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Figure 4.13: Comparison of total number of work windows and window averaged brakespecific NOx emissions as a function of varying exhaust temperature threshold at FTP
reference work; flow meter temperature used for pre-2010 engines
Figure 4.13 represents the impact of varying window-averaged exhaust gas temperature
threshold (FTP reference work) on number of work windows and bsNOx emissions. For both, preand post-2010 engines, the number of work-based windows gradually decreased with the increase
in the exhaust temperature threshold. For post-2010 engines, bsNOx emissions decreased until
290°C. The reason was the higher NOx conversion at exhaust gas temperatures between 200°C to
300°C due to more favorable thermodynamic conditions of the NOx reduction aftertreatment
system. The increase in bsNOx emissions above 290°C was evident for work windows generated
from test vehicle 5. It is observed that windows comprising of higher exhaust temperatures and
NOx concentrations, were those generated immediately after a “DPF regeneration event”, while
the “DPF regeneration flag” was already set to zero.
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Table 4.14: Comparison of Percentage change of total number of work windows and
window-averaged bsNOx emissions of varying exhaust gas temperature threshold with
respect to 250°C for Post-2010 engines; FTP Reference work
Exhaust
Temperature
Threshold (°C)

Number of
work windows

% Difference

150

19912

27

0.2979

128

170

19555

25

0.2699

107

190

18163

16

0.2035

56

210

17356

11

0.1646

26

230

16828

8

0.1494

15

250

15648

Reference

0.1304

Reference

270

12987

-17

0.1065

-18

290

8405

-46

0.1103

-15

310

5879

-62

0.1433

10

330

1752

-89

0.1414

8.5

350

558

-96

0.076

-42

bsNOx
% Difference
emissions

For pre-2010 engines, exhaust gas temperature does not show a significant effect on
bs(NOx+NMHC) emissions because of the absence of the NOx reduction aftertreatment system.
Pre-and post-2010 engines showed an increase in the window averaged bsNOx emissions
(bs(NOx+NMHC) emissions for Pre-2010 engines) for exhaust gas temperature thresholds above
300°C, probably due to some of the test vehicles undergoing DPF regeneration events. The higher
exhaust gas temperature thresholds ( >250°C) lead to elimination of low temperature windows and
thus results in an increase in the overall higher bsNOx emissions, which is due to the fewer
windows which include higher NOx concentrations.
With respect to NTE exhaust temperature threshold (250°C), the number of work windows
increases by 39% and 27% for pre-2010 and post-2010 engines respectively, when the exhaust
temperature threshold from 250°C to 150°C. It was found that in order to maintain a balance
between the number of work windows and bsNOx emissions for Post-2010 engines, it would be
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ideal to set the threshold between 190°C and 290°C. For the datasets available in this study, such
a range of exhaust gas temperatures resulted in bsNOx emissions below the U.S.EPA 2010
certification standards.

Figure 4.14: Comparison of total number of work windows and window averaged brakespecific NOx emissions as a function of varying minimum power threshold at FTP
Reference work
The minimum window-averaged power threshold (% of Pmax) was changed from 0% to 40%
of rated power at FTP reference work to analyze window-averaged emissions based on the power
cut-off. It was found that increasing the power threshold to 30% of rated power led to a decrease
in the overall number of work windows by 25% and bsNOx emissions by 21.5% (bs(NOx+NMHC)
emissions for pre-2010 engines by 2.5%) compared to the current power threshold limit (20%
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Pmax). The decrease in average emissions is due to the elimination of windows containing low load
and idle operation that typically produce relatively higher brake-specific emissions. The increase
in NOx emissions at low-load/low-power or idle operation is due to different emissions-control
strategies. Typically, EGR is not employed during idle or low-power operation as it results in
rough idling and incomplete/ unstable combustion. The NOx reduction aftertreatment system is
also not typically active because of the lower exhaust gas temperature during low power and idle
operation.
Table 4.15: Comparison of Percentage change of total number of work windows and
window-averaged bsNOx emissions of varying window power threshold with to default 20%
Pmax for Post-2010 engines; FTP Reference cycle
Average
Window Power
Threshold

Number of
Work windows

% Difference

0% of Pmax

19528

18

0.2791

58

4% of Pmax

19528

18

0.2791

58

8% of Pmax

19333

17

0.2774

57

12% of Pmax

18225

10

0.2269

29

16% of Pmax

17187

4

0.1964

11

20% of Pmax

16509

0

0.1764

0

24% of Pmax

15204

-8

0.1553

-12

13562

-18

0.1409

-20

32% of Pmax

11042

-33

0.1366

-23

36% of Pmax

9847

-40

0.1295

-27

40% of Pmax

8851

-46

0.1196

-32

28% of Pmax
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% Difference
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Table 4.16: Comparison of Percentage change of total number of work windows and
window-averaged bs(NOx+NMHC) emissions of varying window power threshold with to
default 20% Pmax for Pre-2010 engines; FTP Reference cycle
Average
Window Power
Threshold

Number of
Work windows

% Difference

0% of Pmax

23411

29

1.9042

14

4% of Pmax

23411

29

1.9042

14

8% of Pmax

23285

28

1.8858

13

12% of Pmax

21798

20

1.7890

7

16% of Pmax

20047

10

1.7176

3

20% of Pmax

18197

0

1.6740

0

24% of Pmax

16268

-11

1.6546

-1

28% of Pmax

14985

-18

1.6399

-2

32% of Pmax

14014

-23

1.6202

-3

36% of Pmax

13287

-27

1.6041

-4

40% of Pmax

12404

-32

1.5871

-5

bs(NOx+NMHC)
% Difference
emissions

As Per the European regulations, the power cut-off value is 20% of rated power with
incremental reduction up to 15% of rated power until 50% of the valid windows are achieved. For
both pre- and post-2010 engines, the window-averaged bsNOx emissions (bs(NOx+NMHC)
emissions for pre-2010 engines) remained stable with less variations for extreme low-power
engine operation from 0% to 8% of rated power. For post-2010 engines, a drastic reduction in
bsNOx emissions was noticed for average window power thresholds above 10% of rated power.
Compared to the default minimum power cut-off threshold (20% of Pmax), bsNOx emissions
increased by 58% at 0% rated power, but decreased by 32% at 40% rated power. As the current
minimum power threshold eliminated many work windows, lowering it will incorporate low- load/
low-power windows. It was found that a minimum power threshold between 12% and 16% of rated
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power will maintain the balance between the number of work windows and bsNOx/bs
(NOx+NMHC) emissions. The increased effect of the minimum power threshold variation on the
bsNOx emissions for post-2010 engines are due to the interaction between the engine power and
the NOx reduction aftertreatment system.
The boundary parameter analysis was done by maintaining one of the parameter constant and
varying the other parameter. The results form a baseline condition for evaluating the DOE
experiments over a wide range of boundary-parameters values, which include the combined effect
of different boundary parameter sets.
Figure 4.15 provides an overview of the effects of different boundary parameter sets on the
total number of work windows and bsNOx emissions (bs(NOx+NMHC) emissions for pre-2010
engines). The left side of the plot represents the 14 DOE combinations and the extreme right of
the graph represents the WBW settings as defined in the European regulations (i.e., 1 x WRef:,
Power Threshold: 20% Pmax). The empty symbols show the individual results for each of the test
vehicles and the filled symbols represent the average for a given combination of the results from
all datasets. The top plot presents the total number of work windows; middle plot presents the
bs(NOx+NMHC) emissions for pre-2010 engines and the bottom plot shows the bsNOx emissions
for post-2010 engines for all the DOE simulations.
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Figure 4.15: Comparison of total work-based window number count and window-averaged
bsNOx emissions for 14 DOE experiments; all ambient and cold start exclusions applied
In general, the design configurations that results in a smaller window size (Reference work),
low exhaust gas temperature, and low-to medium-power thresholds generates the most number of
work windows. This is majorly due to the shorter target reference. Window-averaged bsNOx
emissions (bs(NOx+NMHC) emissions for pre-2010 engines) were slightly higher for the design
configuration with low exhaust temperature and power thresholds because the windows consisted
of a mixture of low- and medium- load engine operation. It is important to note that lower exhaust
gas temperature and power thresholds invalidated only few work windows.
More, a drastic decrease in the number of work windows was observed in design configurations
which included higher reference work (Design Configuration 12,13,14). This was due to the fact
that each generated work-window included a wide range of operation until the target reference
work was reached. Work windows with lower power thresholds showed an increase in the overall
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bsNOx emissions due to the inclusion of low-load/ low-power engine operation. Such design
configurations might also include idle operation. The increase in bsNOx emissions is subjected to
varying EGR operation during low engine power and idle operation.
Table 4.17: DOE matrix with average number of work windows and window averaged NOx
emissions for all post-2010 engines; FTP Reference cycle
Post-2010
engines

Pre-2010 engines

Experim
ent [#]

(x
Reference
Work)

Exhaust
Temperatu
re
Threshold
(°C)

1

0.5

110

30% Prated

13941

0.144

16144

1.6304

2

0.5

200

0% Prated

21227

0.1976

23876

1.7624

3

0.5

300

7.5% Prated

7657

0.1083

13659

1.8525

4

1

110

0% Prated

19913

0.2979

23411

1.9042

5

1

200

30% Prated

12178

0.1373

14371

1.6267

6

1

275

15% Prated

11992

0.1027

14643

1.6551

7

1.5

225

22.5% Prated

13561

0.1432

13772

1.5974

8

1.5

250

15% Prated

13680

0.135

14153

1.6334

9

1.5

275

7.5% Prated

10613

0.1051

12860

1.5839

10

2

110

15% Prated

12402

0.1615

14492

1.6775

11

2

250

22.5% Prated

11446

0.1384

11440

1.5891

12

2

300

0% Prated

5553

0.1496

10116

1.5604

13

2.5

200

22.5% Prated

9578

0.148

11541

1.6342

14

2.5

225

7.5% Prated

10041

0.1505

11093

1.6191

WRef

Power
Threshold

Number
of
windows

bsNOx
[g/bhp
-hr]

Number
of
windows

bs(NOx+
NMHC)
[g/bhphr]

Windows with lower average exhaust temperatures typically below 200 °C cause an increase
in the window-averaged bsNOx emissions by 47.15% upon comparison with the current NTE
exhaust temperature threshold (250 °C). It was found that design configurations with exhaust gas
temperatures at higher temperature thresholds (i.e., 300°C) generated the least number of work81

based windows. Generally, parametric combinations with higher exhaust temperature and power
threshold generate a lower number of work windows. Due to higher thresholds, the windowaveraged bsNOx emissions are relatively lower upon comparison with the current standards
because the acquired work-windows comprise a majority of engine operation at medium/high
power where the exhaust temperatures are typically favorable for NOx reduction by the
aftertreatment system.
Figures 4.16-4.18 present the mean of number of work windows and bsNOx emissions for all
post-2010 engines at each control factor level of the boundary parameters. Based on the average
of the mean of the boundary parameters, reducing the thresholds (i.e., boundary parameters) led to
an increase in the number of work windows by 15.5% in comparison with the reference standards
( 1x WRef, 250°C, 20% Pmax). This is due to the shorter reference work target. In comparison, when
the thresholds were increased to a higher level (2.5x WRef, 300°C, 30% Pmax), it resulted in a
decrease in the overall number of work windows generated by 24% upon comparison with the
current reference work standards ( 1x WRef)., thus limiting the amount of available data for
analysis.

Figure 4.16: Mean of number of windows (left graph) and brake-specific NOx emissions
(right graph) as a function of varying reference work (FTP reference cycle) for post-2010
engines; all exclusions applied
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Figure 4.17: Mean of number of windows (left graph) and brake-specific NOx emissions
(right graph) as a function of varying Exhaust temperature threshold (FTP reference cycle)
for post-2010 engines; all exclusions applied

Figure 4.18: Mean of number of windows (left graph) and brake-specific NOx emissions
(right graph) as a function of varying engine power threshold (FTP reference cycle) for
post-2010 engines; all exclusions applied

Based on the results of DOE simulations (i.e., number of windows generated and bsNOx
emissions) for post-2010 engine datasets, the optimum combination of boundary parameters to
maintain a balance between maximizing the number of work windows and relatively low windowaveraged bsNOx emissions which included reference engine work in the range of 1 to 2 x WRef
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(FTP certification cycle), exhaust gas temperature in the range of 200 °C to 225 °C, and a minimum
power threshold between 15% and 22.5% of Pmax. The optimal design configurations were selected
by comparing the means of each control factor levels for an individual boundary parameter. It is
important to note that the the associated conclusions are valid only for the datasets used in this
study, which comprises of a large extent of highway operational activity. The conclusions may
change for different engine operating conditions.
3-way ANOVA and F-statistical test were performed based on the results from DOE
simulations to quantify the impact and level of significance of the boundary parameters on the
number of work windows generated and bsNOx emissions. The control factor level was computed
by calculating the mean response of each individual boundary parameter. The contribution of the
boundary parameters was estimated by identifying its deviation from the mean value of the number
of work-based windows and window averaged bsNOx emissions of the control factor levels.

Table 4.18: Percentage Contribution of WBW boundary parameters based on ANOVA
analysis on number of work-windows and window-averaged brake-specific NOx emissions
((NOx+NMHC) emissions for pre-2010 engines); FTP Reference certification cycle
Post-2010 engines
Boundary Parameter

Pre-2010 engines

Work-based

bsNOx

Work-based

bs(NOx +

windows

Emissions

windows

NMHC)
Emissions

Reference work (bhp-hr)

24.7%

11.1%

37.6%

42.3%

52.7%

44.4%

31.3%

33.1%

22.6%

44.5%

31.1%

24.6%

Exhaust temperature
threshold (°C)
Power threshold (bhp)

Based on effect contribution, the exhaust temperature threshold had a significant contribution
on the number of work-based windows and bsNOx emissions for post-2010 engines. The control
factor played a major role because of the adoption of the SCR aftertreatment system for post-2010
engines. The performance of the NOx reduction aftertreatment system is dependent on the gas
temperature of the exhaust stream. The reference work and average power threshold showed a
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similar level of effect on the number of work-based windows. The average window power
threshold also played a significant role towards its contribution on bsNOx emissions as increasing
the power threshold eliminates the low-load/ low-power operating conditions which have an
adverse effect on the NOx emissions. Increasing the reference work decreases the number of workbased windows but, did not have a major impact on the bsNOx emissions. For pre-2010 engines,
the reference work, exhaust temperature threshold and average power threshold had a similar effect
on the number of work-based windows. Varying the reference work threshold had a significant
contribution on the bs(NOx+NMHC) emissions.
Tables 4.19 and 4.20 presents the results of the F-test statistic for both the number of workbased windows and bsNOx emissions for all pre-and post-2010 engines. For post-2010 engines,
the reference work and exhaust temperature had less variation between and within the number of
work windows at different levels and thus are representative of a relatively smaller F-value. The
F-value of the power threshold for the number of work windows is on an order of magnitude higher
compared to the other 2 boundary parameters. Similarly, the variation between and within the
bsNOx emissions was lower for all the three boundary parameters, which led to a smaller F-value.

Table 4.19: Mean squares values between and within boundary parameters along with Fvalue of post-2010 engines
Mean square
between groups

Mean-square
within groups

F-Value

Control Parameter
WBW

bsNOx

WBW

bsNOx

Reference Work

2202.63

1.964x10-5

2463018

0.00015

0.00022 0.03285

Exhaust temperature
threshold (°C)

278722

4.791x10-5

5881931

0.00068

0.00947 0.01415

Power threshold
(bhp)

282385

9.911 x10-6

2228455

0.00061

0.03167 0.00407
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bsNOx

4.5.2 NTE Method Analysis
This section discusses the impact of altering boundary parameters governing the NTE method
on number of events and event-averaged bsNOx emissions. A two-stage parametric analysis was
performed, firstly by altering the speed, torque and power threshold, then further varying the
torque, power, and exhaust temperature threshold as discussed in section 3.2.2. The parametric
results were performed upon consideration of the NTE-method exclusions and event minimum
time ≥ 30sec. The first section discusses the results based on altering the governing boundary
parameters defining the control area were changed. Figure 4.19 provides an overview of the effects
of 14 different combinations of the NTE design matrix. The first five experiments were performed
to compare and evaluate the importance of each boundary parameter with the current NTE method
as per 40 CFR, Part 86, followed by 9 DOE experiments as discussed in section 3.2.2. The top plot
in the figure presents the number of valid NTE events, the middle plot presents the
bs(NOx+NMHC) emissions for pre-2010 engines and the bottom plot represents the bsNOx
emissions for post-2010 engines. The empty symbols represent the individual dataset results and
the filled symbols represent the global average for a given combination of all the datasets. The red
and blue symbols represent pre-and post-2010 engines.
Compared to the current NTE standards( shown in the 1st column in Fig. 4.19), the elimination
of the T30 torque threshold (seen in the 2nd column in Figure 4.19) had a minor impact on the
number of NTE events and bsNOx emissions. The eliminating of the power threshold (P30), shown
in the 3rd column in Fig 4.19, resulted in a small increase in the number of NTE events by 9 and 2
events for post- and pre-2010 engines, respectively, due to the inclusion of NTE events that
typically occur at the bottom left portion of the NTE control area (characteristics of low-to-medium
engine speed and power). At the same time, removing the power threshold decreased the bsNOx
emissions for post-2010 engines by 3.6%.
Elimination of both torque and power threshold (shown in the 4th column in Fig. 4.19) and the
enlarging of the NTE control area to the entire area under the torque curve (5th column in Fig. 4.19)
was investigated. For pre-2010 engines, there was a minor impact on the average number of NTE
events. For post-2010 engines, the average number of NTE events increased by 34 and 30 while
removing the combined torque and power threshold, and expanding the NTE control area
respectively. The event averaged bsNOx/bs(NOx+NMHC) emissions increased for both the preand post-2010 engines because a third of the engine operation of all datasets is below 30% of rated
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power. The elimination of minimum torque and power thresholds led to the inclusion of NTE
events that exhibit very low work which automatically translates an increase in brake-specific
emissions and less accurate results.

Figure 4.19: Comparison of total number of NTE events and event-averaged NTE brakespecific NOx emissions for 5 specific and 9 DOE experiments altering the NTE control area
boundary parameters; all method based exclusions applied
Further, while investigating the elimination of NTE Control area (the 5th column in Fig. 4.19),
it was observed that very few data points were below the minimum speed threshold and the
modification of speed threshold did not significantly affect the number of NTE events. Elimination
of torque/power/speed thresholds causes an increase in the duration of NTE events, but does not
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significantly affect the overall number of NTE events based on the minimum NTE event duration
limit.
The right side of Fig.4.19 presents the NTE simulations based on altering speed, torque and
power thresholds following the design matrix discussed in section 3.3.2 and shown in Table 3.5.
Based on the results, the number of NTE events show an increasing trend while decreasing the
thresholds (speed, torque, and power) for both pre-and post-2010 engines.

Table 4.20: Number of NTE events and NOx emissions of DOE test matrix with modified
NTE speed, torque and power threshold for post-2010 datasets
Post-2010 engines

Experiment
[#]

Speed
Threshold
[rpm]

Torque
Threshol
d [ft-lb]

Power
Threshol
d [bhp]

1

n10

15% of
Tmax

2

n10

3

Pre-2010
engines
bs(NOx+
NMHC)

NTE
events

bsNOx
[g/bhphr]

NTE
events

30% of
Pmax

51

0.0819

107

1.5595

30% of
Tmax

5% of
Pmax

60

0.0857

106

1.5641

n10

5% of
Tmax

15% of
Pmax

88

0.0807

113

1.6409

4

n15

15% of
Tmax

5% of
Pmax

90

0.076

114

1.64

5

n15

30% of
Tmax

15% of
Pmax

59

0.0819

106

1.5641

6

n15

5% of
Tmax

30% of
Pmax

50

0.0822

107

1.5595

7

n5

15% of
Tmax

15% of
Pmax

90

0.0911

113

1.6398

8

n5

30% of
Tmax

30% of
Pmax

51

0.0966

106

1.5647

9

n5

5% of
Tmax

5% of
Pmax

99

0.0928

124

1.6229

88

[g/bhphr]

For post-2010 engines, there was an increase in the number of NTE events by 50.12% for
speed, torque and power thresholds at the lower limit (n5, T5, P5). At the same time, the accumulated
NTE events may produce lower work which directly causes an increase in the work-specific
emissions compared to the current thresholds (n15, T30, and P30). This causes an increase in
bsNOx/bs(NOx+NMHC) emissions by 9.23% for post-2010 engines and 3.72% for pre-2010
engines. Based on the mean of the control factor levels (from Fig. 4.20-4.22) lowering the
thresholds to 15% of peak torque and rated power for post-2010 engines increased the average
number of NTE events by 20 and 28 for post- and pre- 2010 engines. At the same time, a decrease
in the average bsNOx emissions is observed for torque threshold (0.0880 g/bhp-hr to 0.08300
g/bhp-hr) and power threshold (0.0869 g/bhp-hr to 0.0845 g/bhp-hr). The decrease in the bsNOx
emissions was due to the increase in the number of NTE events which increases the averaging
sample period.
Pre-2010 engines had a similar increase in the number of NTE events with the decrease in the
thresholds. Reducing the torque and power thresholds from the current standards (T30 and P30) to
15% of the peak torque and power increased the number of NTE events on average by 5 and 6
respectively. At the same time, there is a minor increase in the average bs(NOx+NMHC) emissions
for torque threshold (1.5643 g/bhp-hr to 1.6131 g/bhp-hr) and power threshold (1.5612 g/bhp-hr
to 1.614 g/bhp-hr). For both pre-and post-2010 engines, the change in event-averaged bsNOx
emissions and the average number of NTE events was negligible when changing the speed
threshold limit from 15% to 10%.
Figures 4.20-4.22 present the mean number of NTE events and bsNOx emissions for each
boundary parameters at all control factor levels of the control area. The largest increase in the
number of NTE events with minor impact on bsNOx emissions were obtained by reducing the
torque and power thresholds to 15% of peak torque and rated power, while maintaining the speed
threshold at the current standard level (n15). Changing the speed threshold from 5% to 15% has a
minor impact on the number of NTE events. The major impact of the torque and power thresholds
on the number of NTE events was found for engine operation at medium speeds and low-tomedium engine power, due to the increased amount of data points in the specified range.

89

Figure 4.20: Mean of number of NTE events (left graph) and brake-specific NOx emissions
(right graph) as a function of varying speed threshold of post-2010 engines

Figure 4.21: Mean of number of NTE events (left graph) and brake-specific NOx emissions
(right graph) as a function of varying torque threshold of post-2010 engines

Figure 4.22: Mean of number of NTE events (left graph) and brake-specific NOx emissions
(right graph) as a function of varying power threshold of post-2010 engines
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The average number of NTE events increased from 106 to 112 and from 50 to 86 for pre- and
post-2010 engines respectively when, the torque and power thresholds were reduced
simultaneously to 15% of peak torque and rated power. The bs(NOx+NMHC) emissions increased
by 4.79% (i.e., from 1.564 g/bhp-hr to 1.639 g/bhp-hr) and bsNOx emissions decreased by 9.4%
(i.e., from 0.0849 g/bhp-hr to 0.076968 g/bhp-hr) for pre- and post-2010 engines respectively. The
results were well maintained well below the U.S. EPA 2010 certification standards for post-2010
engines and below the NTE emissions limit for pre-2010 engines. Overall, all the test vehicles
showed a similar trend when the minimum torque and power threshold were changed.
The analysis of variance of means and F-test statistic were computed for the 9 DOE simulations
to quantify the individual effect of the three NTE control area boundary parameters on the number
of NTE events and event-averaged bsNOx emissions. Based on the results from the DOE
simulations, the mean of each factor level response was calculated. The actual effect of each of the
boundary parameters was estimated based on its deviation from the mean of the response of all the
control factor levels.

Table 4.21: Percentage Contribution of NTE Boundary parameters based on ANOVA
analysis on number of NTE events and event-averaged bsNOx emissions
Post-2010 engines
Boundary

NTE Events

Parameter

bsNOx

Pre-2010 engines
NTE Events

Emissions

bs(NOx+NMHC)
Emissions

Speed Threshold

12.05 %

86.14 %

23.39 %

8.58 %

Torque Threshold

28.27 %

10.99 %

44.17 %

41.40 %

Power Threshold

59.68 %

2.87 %

32.44 %

50.02 %

It can be observed that the power threshold had the most significant effect on the number of
NTE events for post-2010 engines. The speed threshold created a large change in bsNOx emissions
for post-2010 engines. This was due to the incorporation of NTE events at low-work NTE events
at lower thresholds, which caused an increase in the average bsNOx emissions. For pre-2010
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engines, the torque and power thresholds effect on the number of NTE events and bs(NOx+NMHC)
emissions.

Table 4.22: F-statistic value along with mean-squares value between and within the
boundary parameters for post-2010 engines
Boundary
Parameter

Mean square

Mean square

between groups

within groups

NTE

bsNOx

NTE

Events

bsNOx

Events

F- Value

NTE

bsNOx

Events

Speed Threshold

7.41E-06

1.85E-14

20.89

1.68E-05

3.55E-07

1.10E-09

Torque Threshold

1.85E-06

7.41E-14

49.02

2.15E-06

3.78E-08

3.44E-08

Power Threshold

1.85E-06

1.85E-14

103.48

5.62E-07

1.79E-08

3.29E-08

The F-test statistic for the both number of NTE events and bsNOx emissions was very small for all
the three NTE boundary parameters, which suggests that the variation between and within the
boundary parameters was negligible. If the F-value was higher for any of the boundary parameters,
then it would be considered as a parameter having a great effect compared to the other parameters.
Figure 4.23 shows the comparison of number of NTE events and bsNOx emissions when the
minimum exhaust temperature threshold varied between 110 °C and 530 °C for pre-2010 and post2010 engines. The number of NTE events and bsNOx emissions are representative of calculations
based on the default NTE boundary parameters (n15, T30, P30). It can be observed that on an
average, the number of NTE events remain constant between 110 °C and 230 °C for both pre-and
post-2010 engines. However, increasing the exhaust gas temperature threshold greater than 250
°C drastically reduced the overall number of NTE events, with a majority of the data being
eliminated based on the method defined thresholds and exclusions. For the datasets used in this
work reducing the exhaust gas temperature thresholds below the current threshold (250 °C) did
not have a significant effect on bsNOx emissions, which were below the U.S. EPA 2010 emissions
standards for all post-2010 engines.
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Figure 4.23: Comparison of total number of NTE events and event-averaged brake-specific
NOx emissions as a function of varying exhaust gas temperature threshold for default NTE
Control area (n15, T30, P30); all NTE exclusion applied

For all pre-2010 engines, the bs(NOx+NMHC) emissions were below the NTE limit of 1.5x
the certification standard. It can be observed that increasing the exhaust gas temperature threshold
above 290°C increased the bsNOx emissions. Further, it was found that test-vehicle-3 generated
fewer NTE events at exhaust temperature above 290°C with higher concentrations of NOx
emissions in them. The NTE events were immediately after a DPF regeneration when the exhaust
temperature and NOx emissions were at higher limits, whereas the DPF regeneration flag is already
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set to zero. If the threshold is lowered, more events with lower bsNOx emissions will reduce the
effect and impact of the fewer NTE events at higher thresholds will lead to a decrease in the overall
event-averaged bsNOx emissions values. In general, the exhaust temperature sweep indicated that
the temperature threshold can be further reduced to a lower limit.
The DOE simulations performed on the boundary parameters governing the NTE control area,
showed that torque and power threshold had a significant effect on the NTE events and bsNOx
emissions. Another set of DOE simulations were performed to verify the results based on the
previous DOE analysis (variation of speed, torque, and power threshold). The goal was to identify
the optimum range of the exhaust temperature threshold that obtains the maximum number of NTE
events, while also reporting representative bsNOx emissions.
Figure 4.24 presents the results of the DOE simulations based on changing the torque and
power thresholds and varying exhaust gas temperature threshold. The results based on default NTE
control area (n15 T30 P30) and modified NTE control area (n15 T15 P15) are represented shown to the
left side of Fig. 4.24, followed by 12 DOE simulations (torque, power and exhaust temperature
threshold). For all the above-mentioned experiments, the speed threshold was maintained at n15
and all NTE method defined exclusions were applied except as per 40 CFR, Part 86. The first two
experiments were performed to analyze the variation in the number of NTE events and bsNOx
emissions between the current and modified NTE control area with default exhaust temperature
threshold (250°C).
It was found that modifying the NTE control area (n15 T15 P15) to reduced torque and power
thresholds increased the average number of NTE events by 6% and 75% for pre-and post-2010
engines. At the same time, it raised the bs(NOx+NMHC) emissions by 5% and decreased the
bsNOx emissions by 9%. It can be observed that lowering the torque and power threshold increased
the amount of data that can be used for emissions evaluation.
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Figure 4.24: Comparison of number of NTE events and bsNOx emissions for 2 specific
experiments and 12 DOE experiments varying the torque, power and exhaust temperature
threshold (with speed threshold constant n15); all NTE exclusions applied

In general, for post-2010 engines, the lowering of the torque and power threshold to 5% of the
peak torque and rated power and reducing the exhaust temperature threshold to 110 °C drastically
increased the number of NTE events by 125% upon comparison with the current standards. This
was due to the inclusion of NTE events at extreme low-load/low-power engine operation which
directly increased the bsNOx emissions. The largest increase in the number of NTE events was
achieved at the minimum thresholds, but they produced inaccurate results due to higher workspecific NOx emissions which occur at near-zero/ lower load during the NTE event. For post-2010
engines, lower bsNOx emissions were achieved at higher exhaust temperature thresholds such as
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250 °C which was due to increased conversion efficiency of NOx reduction aftertreatment system
at optimum temperature ranges. The lowest bsNOx emissions were achieved at higher exhaust gas
temperature thresholds, but at the same time the threshold eliminated a large amount of data points
and reduced the NTE event count, which led to lesser amount of data available for evaluation.

Table 4.23: Average number of NTE events of bsNOx emissions of DOE matrix for torque,
power and exhaust temperature threshold of post and pre-2010 engines
Post-2010
engines

Torque
Threshold
[ft-lb]

Power
Threshol
d [bhp]

Exhaust
Temp.
Threshold
[°C]

1

5% of Tmax

5% of
Pmax

110

2

5% of Tmax

5% of
Pmax

3

5% of Tmax

4

Pre-2010
engines
bs(NOx
+NMHC
)

bsNOx
[g/bhphr]

NTE
events

111

0.2561

123

1.6201

200

104

0.1143

121

1.6211

15% of
Pmax

250

85

0.0773

110

1.6436

5% of Tmax

30% of
Pmax

150

53

0.1088

107

1.5595

5

15% of Tmax

5% of
Pmax

150

97

0.1051

113

1.6394

6

15% of Tmax

15% of
Pmax

200

92

0.1023

112

1.6404

7

15% of Tmax

30% of
Pmax

110

54

0.1255

107

1.5595

8

15% of Tmax

30% of
Pmax

250

50

0.0822

105

1.5624

9

30% of Tmax

5% of
Pmax

250

59

0.0819

104

1.5667

Experiment
[#]

96

NTE
events

[g/bhphr]

10

30% of Tmax

15% of
Pmax

110

65

0.1299

106

1.5641

11

30% of Tmax

15% of
Pmax

150

64

0.1128

106

1.5641

12

30% of Tmax

30% of
Pmax

200

53

0.1098

106

1.5652

For pre-2010 engines, the exhaust gas temperature threshold did not change the
bs(NOx+NMHC) emissions when the exhaust gas temperature varied. This is due to the absence
of the NOx aftertreatment system for the vehicles presented in this study. The parametric analysis
did not show a large change in the number of NTE events and bsNOx+NHMC emissions for
varying thresholds. Similar to post-2010 engines, the highest number of NTE events and
bs(NOx+NMHC) emissions were achievable only upon reducing the thresholds to the smallest
values over the range of modifications due to inclusion of events that produced lower work and
directly translated to higher work-specific emissions.
For post-2010 engines, except for experiment 1 in the DOE test matrix, event-averaged bsNOx
emissions (3rd column in Fig.4.24), the event-averaged were maintained well below the U.S.EPA
2010 certification standard as well as below the NTE emissions limit. For pre-2010 engines, the
event-averaged bs(NOx+NMHC) emissions were observed to be below the NTE emissions limit.
Figures 4.25-4.27 present the mean number of NTE events and event-averaged bsNOx
emissions for each control factor level of the boundary parameters for all post-2010 engines. The
second stage of parametric analysis was performed to verify the results of the torque and power
threshold, based on the results obtained in the first stage of the parametric analysis. In addition,
the analysis identified the impact of the exhaust temperature threshold. It can be observed that
modifying the default settings of torque and power threshold increased the number of NTE events
without causing a major variation in bsNOx emissions.
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Figure 4.25: Mean of number of NTE events (left graph) and brake-specific NOx emissions
(right graph) as a function of varying torque threshold of post-2010 engines

Figure 4.26: Mean of number of NTE events (left graph) and brake-specific NOx emissions
(right graph) as a function of varying power threshold of post-2010 engines

Figure 4.27: Mean of number of NTE events (left graph) and brake-specific NOx emissions
(right graph) as a function of varying exhaust temperature threshold of post-2010 engines
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A lower exhaust temperature threshold causes an increase the bsNOx emissions by 111% upon
comparison with the current exhaust temperature threshold (250 °C). However, the number of NTE
events decreased due to the increased activity at lower thresholds that are directly coupled into a
larger event, thus causing a decrease in the number of NTE events.
The analysis of variance of means and F-test statistic quantified the individual effect of the
torque, power and exhaust temperature threshold on the number of NTE events and event-averaged
bsNOx emissions for the 12 DOE simulations. The actual effect of each of the boundary parameters
was estimated based on analyzing the deviation of the mean of each control factor level from the
mean of the response of all the control factor levels.

Table 4.24: Percentage Contribution of torque, power and exhaust temperature threshold
based on ANOVA analysis on number of NTE events and event-averaged bsNOx emissions
Post-2010 engines
Boundary

NTE Events

Parameter

bsNOx

Pre-2010 engines
NTE Events

Emissions

bs(NOx+NMHC)
Emissions

Torque Threshold

28.43%

12.67%

42.18%

38.53%

Power Threshold

59.13%

12.72%

33.93%

47.51%

Exhaust Temperature

12.44%

74.61%

23.88%

13.95%

Threshold

For post-2010 engines, the power threshold had the highest impact on the number of NTE events
due to the higher amount of variation in the overall number of events with varying thresholds. As
post-2010 engines are deployed with NOx reduction aftertreatment systems, the exhaust gas
temperature had a dominant effect on bsNOx emissions. In this set of parameters and range of
variation, the torque and power threshold had the lowest impact on bsNOx emissions, but had a
medium to high impact on the number of NTE events. For pre-2010 engines, power threshold has
the highest impact in the variation of bs(NOx+NMHC) emissions. Exhaust gas temperature
threshold had the lowest impact on the overall number of NTE events and event-averaged
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bs(NOx+NMHC) emissions. The Torque and power threshold had a large effect on the number of
NTE events and bs(NOx+NMHC) emissions due to changes in torque and power thresholds.

Table 4.25: Mean squares values between and within boundary parameters along with Fvalue of post-2010 engines
Boundary

Mean square

Mean square

Parameter

between groups

Within groups

NTE

NTE

bsNOx

Events

bsNOx

Events

F- value

NTE

bsNOx

Events

Torque Threshold

2.16E-4

2.34E-32

8.17E-5

8.16E-5

2.64

2.86E-28

Power Threshold

2.16E-4

6.5E-32

8.20E-5

8.21E-5

2.63

7.91E-28

1.92E-4

1.64E-32

21.58

5.41E-5

8.89E-6

3.03E-29

Exhaust Temperature
Threshold

Table 4.26: Mean squares values between and within boundary parameters along with Fvalue of pre-2010 engines
Boundary

Mean square

Mean square

Parameter

between groups

Within groups

NTE

NTE

bsNOx

Events

bsNOx

Events

F- value

NTE

bsNOx

Events

Torque Threshold

7.57E-27

5.99E-30

2554.21

0.55

2.96E-30

1.07E-29

Power Threshold

7.57E-27

1.85E-30

2559.21

0.55

2.95E-30

3.32E-30

1.72E-26

2.63E-31

3971.44

0.84

4.33E-30

3.09E-31

Exhaust Temperature
Threshold
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Tables 4.25-4.26 present the results of the F-test statistic for both post- and pre-2010 engines.
For pre-2010 engines, the variation between and within the control factors was small. For post2010 engines, the variation in the number of NTE events for torque and power threshold was
relatively high in comparison to the exhaust temperature threshold. This is due to high amount of
variation in the number of NTE events between different thresholds. The F-value of bsNOx
emissions for torque, power and exhaust temperature threshold was less which is representative of
a lower variation between and within the control factors in terms of NOx emissions.

Figure 4.28: Comparison of total number of NTE events and event-averaged brake-specific
NOx emissions as a function of varying exhaust gas temperature threshold for Modified
NTE Control area (n15, T15, P15); all NTE exclusions applied;
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Figure 4.28 shows the comparison of number of NTE events and bsNOx emissions (i.e.,
bs(NOx+NMHC) emissions) when the minimum exhaust temperature threshold for the modified
NTE Control area (n15, T15, P15) varied. Overall, the average exhaust temperature trend of the
number of NTE events and bsNOx emissions was similar to the current NTE control area boundary
settings (n15, T30, P30). It can be observed that reducing the torque and power thresholds causes an
increase in the number of NTE events which indirectly increased the amount of available data for
analysis. More, lower change in the average number of NTE events was observed between 110°C
and 250°C. Reducing the exhaust gas temperature thresholds from the current threshold (250C)
had a minor impact on the bsNOx emissions, which were below the U.S.EPA 2010 emissions
standards for all post-2010 engines. Similar to the exhaust trend shown for default NTE boundary
parameter settings (Fig. 4.24), an overall increase in bsNOx emissions was observed at thresholds
above 290 °C. The increasing trend is observed due to the generation of events immediately after
a DPF regeneration event where the exhaust temperature and NOx emissions are at higher limits,
whereas the DPF regeneration flag is already set to zero.
Based on the results from the second stage of NTE parametric analysis and the mean values
corresponding to exhaust temperature thresholds, there is a possibility of reducing the NTE exhaust
temperature threshold to 150°C in order to increase the amount of data available for evaluation
(i.e., increase the number of valid NTE events) without adversely affecting bsNOx emissions.
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5 Summary, Conclusions, and Recommendations for Future Work
5.1 Summary and Conclusions
The work-based window (WBW) method is a continuous moving average window which is
dependent on the engine work and is representative of emissions produced over all regions of
engine operation. Whereas, the Not-to-Exceed (NTE) region method utilizes only a certain portion
of the engine map with a range of engine and ambient operational exclusions for evaluation of
emissions data over a minimum event time of 30 seconds. The NTE method excludes engine
operation below 30% of peak torque and rated power due to which a large amount of engine
operation is excluded from the analysis. Emissions concentration in the NTE events can result to
be higher, as shorter duration of the events incorporate lower work produced in the event which
thus results in higher work-specific emissions.
In comparison between WBW method and NTE method, the WBW method provides a large
amount of data for evaluation of in-use emissions and yields a straightforward classification of the
type of engine operation. This aids in understanding the direct effect of engine operation and
aftertreatment performance. The WBW-method disadvantage is that it also includes engine idle
and lower load operation, which typically produces higher bsNOx emissions due to the limitations
of NOx aftertreatment system at lower exhaust temperatures and variation in emissions control
strategies at low power engine operation for a longer duration.
A parametric analysis was performed on a limited heavy-duty in-use testing (HDIUT) datasets.
These datasets, acquired from six HDD vehicles under a majority of highway driving operation,
were provided by several engine manufacturers. From the six vehicles, four were complaint with
U.S. EPA 2010 emissions regulations and two were complaint with U.S.EPA 2007 emissions
regulations. The main objective of the parametric analysis was to identify change/alteration of the
boundary parameters governing the WBW and NTE methods that may result in an increase in the
amount of data acquired for evaluation (i.e., the number of work-based windows or NTE events),
while reporting representative bsNOx emissions.
A DOE approach was used to choose the design space that evaluated the influence of boundary
parameters and a 3-way ANOVA analysis was used to quantify the effect contribution (in
percentage) contribution of the boundary parameters on the number of windows/events and bsNOx
emissions.
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Based on the limited data available for the analysis the main conclusions to this work are:
•

The optimum range of boundary parameters for the WBW method was 1xWRef, Texh– °200
C, and PLimit- 15% Pmax. The use of these boundary parameters decreased bsNOx emissions
in average by 16.84% for post-2010 engines compared to the current WBW standards
(1xWRef, PLimit- 20% Pmax).

•

The optimum range of boundary parameters for the NTE method was n15, T15, P15 and Texh–
°150 C for post-2010 engines cause an increase in the number of NTE events and bsNOx
emissions by 87% and 24% respectively, compared to current NTE standards.

•

ANOVA analysis performed for both NTE and WBW methods showed that the exhaust
temperature threshold had a dominant effect on the bsNOx emissions for post-2010 engines.
This is due to the use of the SCR system for NOx reduction where the NOx conversion is
highly dependent on the exhaust gas temperature.

•

The use of an optimum range of boundary parameters for WBW and NTE methods for
post-2010 engines resulted in bsNOx emissions that were always below the U.S.EPA 2010
certification standards.

5.2 Future Work
The results and associated conclusions presented in this study were based on a specific range
of characteristics of the limited number of datasets available to perform this analysis. Future work
could include analyzing datasets which include increased urban and stop/go driving conditions to
extrapolate in-depth conclusions from the parametric analysis. Additional analysis could be
performed by comparing the work based window results in accordance to either brake-specific fuel
consumption and/or exhaust energy entering aftertreatment system as an alternative reference
metric for evaluation of in-use emissions. For the parametric analysis, implementing batch
processing will be helpful to analyze the results of varying the boundary parameters over a wide
range for large number of datasets at a faster rate.
For both the WBW and NTE analysis, the common assumption was neglecting any errors
associated to the emissions measurement instruments. As work based window method incorporates
engine speed and torque as a baseline for the calculations, it would be idealistic to incorporate a
criterion to identify errors in the measurement device. To retain and analyze low power work
104

windows which are typically eliminated by the minimum power threshold defined by the WBW
method, windows can be further weighed to quantify emissions from low power and/or engine idle
operations. Another possibility to analyze engine idle operation is to specifically quantify
emissions from work windows which include extended idle operation and to identify the effect of
engine idle operation on overall emissions of the entire test.
For the NTE method, one possibility of increasing the number of NTE events is to identify the
impact of each exclusion on the NTE results and to eliminate one or more exclusions whose effect
can be typically be balanced by the major exclusions governing the method.
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Appendix A
Individual Control Factor Arithmetic Mean plots for
WBW and NTE Parametric Analysis of Pre-2010 datasets

Figure A-1: Mean of number of windows (left graph) and brake-specific NOx emissions
(right graph) as a function of varying reference work (FTP reference cycle) for pre-2010
engines
/

Figure A-2: Mean of number of windows (left graph) and brake-specific NOx emissions
(right graph) as a function of varying Exhaust temperature threshold (FTP reference cycle)
for pre-2010 engines
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Figure A-3: Mean of number of windows (left graph) and brake-specific NOx emissions
(right graph) as a function of varying engine power threshold (FTP reference cycle) for
pre-2010 engines

Figure A-4: Mean of number of NTE events (left graph) and brake-specific NOx emissions
(right graph) as a function of varying speed threshold for pre-2010 engines (NTE Control
area: Parametric Analysis)
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Figure A-5: Mean of number of NTE events (left graph) and brake-specific NOx emissions
(right graph) as a function of varying torque threshold for pre-2010 engines (NTE Control
area: Parametric Analysis)

Figure A-6: Mean of number of NTE events (left graph) and brake-specific NOx emissions
(right graph) as a function of varying power threshold for pre-2010 engines (NTE Control
area: Parametric Analysis)
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Figure A-7: Mean of number of NTE events (left graph) and brake-specific NOx emissions
(right graph) as a function of varying torque threshold for pre-2010 engines (NTE Torque,
Power and Exhaust temperature threshold Parametric Analysis)

Figure A-8: Mean of number of NTE events (left graph) and brake-specific NOx emissions
(right graph) as a function of varying power threshold for pre-2010 engines (NTE Torque,
Power and Exhaust temperature threshold Parametric Analysis)
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Figure A-9: Mean of number of NTE events (left graph) and brake-specific NOx emissions
(right graph) as a function of varying exhaust temperature threshold for pre-2010 engines
(NTE Torque, Power and Exhaust temperature threshold Parametric Analysis)
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Appendix B
WBW and NTE Parametric Analysis Plots for Pre2010 Emissions Data-Without NOx Reduction AfterTreatment
system

Figure B-1: Comparison of total work-based window number count (left), conformity
factor (top right), and WBW-averaged brake-specific (NOx+NMHC) emissions (bottom
right) of Dataset 1 (pre-2010) for different WBW boundary parameter combinations; using
FTP reference work
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Figure B-2: Comparison of total work-based window number count (left), conformity
factor (top right), and WBW-averaged brake-specific (NOx+NMHC) emissions (bottom
right) of Dataset 2 (pre-2010) for different WBW boundary parameter combinations; using
FTP reference work
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Figure B-3: Comparison of total NTE events (left) and average NTE brake-specific NOx
emissions (right) of Dataset 1 (pre-2010) for different NTE control area boundary
parameter combinations (i.e. 5 specific and 9 DOE experiments); with all exclusions except
Texh > 250°C applied

Figure B-4: Comparison of total NTE events (left) and average NTE brake-specific NOx
emissions (right) of Dataset 2 (pre-2010) for different NTE control area boundary
parameter combinations (i.e. 5 specific and 9 DOE experiments); with all exclusions except
Texh > 250°C applied
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Figure B-5: Comparison of total NTE events (left) and average NTE brake-specific
(NOx+NMHC) emissions (right) of Dataset 1 (pre-2010) for different torque/power (speed
at n15) and exhaust temperature exclusion threshold combinations (i.e. 2 specific and 12
DOE experiments); with all exclusions applied

Figure B-6: Comparison of total NTE events (left) and average NTE brake-specific
(NOx+NMHC) emissions (right) of Dataset 2 (pre-2010) for different torque/power (speed
at n15) and exhaust temperature exclusion threshold combinations (i.e. 2 specific and 12
DOE experiments); with all exclusions applied
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Appendix C
WBW and NTE Parametric Analysis Plots for Post2010 Emissions Data

Figure C-1: Comparison of total work-based window number count (left), conformity
factor (top right), and WBW-averaged brake-specific NOx emissions (bottom right) of
Dataset 3 (post-2010) for different WBW boundary parameter combinations; using FTP
reference work; all WBW related exclusions applied
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Figure C-2: Comparison of total work-based window number count (left), conformity
factor (top right), and WBW-averaged brake-specific NOx emissions (bottom right) of
Dataset 4 (post-2010) for different WBW boundary parameter combinations; using FTP
reference work; all WBW related exclusions applied
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Figure C-3: Comparison of total work-based window number count (left), conformity
factor (top right), and WBW-averaged brake-specific NOx emissions (bottom right) of
Dataset 5 (post-2010) for different WBW boundary parameter combinations; using FTP
reference work; all WBW related exclusions applied
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Figure C-4: Comparison of total work-based window number count (left), conformity
factor (top right), and WBW-averaged brake-specific NOx emissions (bottom right) of
Dataset 6 (post-2010) for different WBW boundary parameter combinations; using FTP
reference work; all WBW related exclusions applied
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Figure C-5: Comparison of total NTE events (left) and average NTE brake-specific NOx
emissions (right) of Dataset 3 (post-2010) for different NTE control area boundary
parameter combinations (i.e. 5 specific and 9 DOE experiments); with all exclusions
applied

Figure C-6: Comparison of total NTE events (left) and average NTE brake-specific NOx
emissions (right) of Dataset 4 (post-2010) for different NTE control area boundary
parameter combinations (i.e. 5 specific and 9 DOE experiments); with all exclusions
applied
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Figure C-7: Comparison of total NTE events (left) and average NTE brake-specific NOx
emissions (right) of Dataset 5 (post-2010) for different NTE control area boundary
parameter combinations (i.e. 5 specific and 9 DOE experiments); with all exclusions
applied

Figure C-8: Comparison of total NTE events (left) and average NTE brake-specific NOx
emissions (right) of Dataset 6 (post-2010) for different NTE control area boundary
parameter combinations (i.e. 5 specific and 9 DOE experiments); with all exclusions
applied
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Figure C-9: Comparison of total NTE events (left) and average NTE brake-specific NOx
emissions (right) of Dataset 3 (post-2010) for different torque/power (speed at n15) and
exhaust temperature exclusion threshold combinations (i.e. 2 specific and 12 DOE
experiments); with all exclusions applied

Figure C-10: Comparison of total NTE events (left) and average NTE brake-specific NOx
emissions (right) of Dataset 4 (post-2010) for different torque/power (speed at n15) and
exhaust temperature exclusion threshold combinations (i.e. 2 specific and 12 DOE
experiments); with all exclusions applied
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Figure C-11: Comparison of total NTE events (left) and average NTE brake-specific NOx
emissions (right) of Dataset 5 (post-2010) for different torque/power (speed at n15) and
exhaust temperature exclusion threshold combinations (i.e. 2 specific and 12 DOE
experiments); with all exclusions applied

Figure C-12: Comparison of total NTE events (left) and average NTE brake-specific NOx
emissions (right) of Dataset 6 (post-2010) for different torque/power (speed at n15) and
exhaust temperature exclusion threshold combinations (i.e. 2 specific and 12 DOE
experiments); with all exclusions applied
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